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ABSTRACT
The development of thermal barrier coatings (TBCs) has been undoubtedly the most
critical advancement in materials technology for modern gas turbine engines. TBCs are widely
used in gas turbine engines for both power-generation and propulsion applications. Metallic
oxidation-resistant coatings (ORCs) are also widely employed as a stand-alone protective coating
or bond coat for TBCs in many high-temperature applications. Among the widely studied
durability issues in these high-temperature protective coatings, one critical challenge that
received greater attention in recent years is their resistance to high-temperature degradation due
to corrosive deposits arising from fuel impurities and CMAS (calcium-magnesium-aluminosilicate) sand deposits from air ingestion. The presence of vanadium, sulfur, phosphorus, sodium
and calcium impurities in alternative fuels warrants a clear understanding of high-temperature
materials degradation for the development of fuel-flexible gas turbine engines. Degradation due
to CMAS is a critical problem for gas turbine components operating in a dust-laden environment.
In this study, high-temperature degradation due to aggressive deposits such as V2O5, P2O5,
Na2SO4, NaVO3, CaSO4 and a laboratory-synthesized CMAS sand for free-standing air plasma
sprayed (APS) yttria stabilized zirconia (YSZ), the topcoat of the TBC system, and APS
CoNiCrAlY, the bond coat of the TBC system or a stand-alone ORC, is examined. Phase
transformations and microstructural development were examined by using x-ray diffraction,
scanning electron microscopy, and transmission electron microscopy.
This study demonstrated that the V2O5 melt degrades the APS YSZ through the formation
of ZrV2O7 and YVO4 at temperatures below 747°C and above 747°C, respectively. Formation of
YVO4 leads to the depletion of the Y2O3 stabilizer and the deleterious transformation of the YSZ
iii

to the monoclinic ZrO2 phase. The investigation on the YSZ degradation by Na2SO4 and a
Na2SO4 + V2O5 mixture (50-50 mol. %) demonstrated that Na2SO4 itself did not degrade the
YSZ, however, in the presence of V2O5, Na2SO4 formed vanadates such as NaVO3 that degraded
the YSZ through YVO4 formation at temperature as low as 700°C. The APS YSZ was found to
react with the P2O5 melt by forming ZrP2O7 at all temperatures. This interaction led to the
depletion of ZrO2 in the YSZ (i.e., enrichment of Y2O3 in t‘-YSZ) and promoted the formation of
the fluorite-cubic ZrO2 phase. Above 1250°C, CMAS deposits were observed to readily infiltrate
and significantly dissolve the YSZ coating via thermochemical interactions. Upon cooling,
zirconia reprecipitated with a spherical morphology and a composition that depended on the
local melt chemistry. The molten CMAS attack destabilized the YSZ through the detrimental
phase transformation (t‘  t  f + m).
Free standing APS CoNiCrAlY was also prone to degradation by corrosive molten
deposits. The V2O5 melt degraded the APS CoNiCrAlY through various reactions involving
acidic dissolution of the protective oxide scale, which yielded substitutional-solid solution
vanadates such as (Co,Ni)3(VO4)2 and (Cr,Al)VO4. The molten P2O5, on the other hand, was
found to consume the bond coat constituents significantly via reactions that formed both Ni/Co
rich phosphates and Cr/Al rich phosphates. Sulfate deposits such as Na2SO4, when tested in
encapsulation, damaged the CoNiCrAlY by Type I acidic fluxing hot corrosion mechanisms at
1000°C that resulted in accelerated oxidation and sulfidation. The formation of a protective
continuous Al2O3 oxide scale by preoxidation treatment significantly delayed the hot corrosion
of CoNiCrAlY by sulfates. However, CoNiCrAlY in both as-sprayed and preoxidized condition
suffered a significant damage by CaSO4 deposits via a basic fluxing mechanism that yielded
iv

CaCrO4 and CaAl2O4. The CMAS melt also dissolved the protective Al2O3 oxide scale
developed on CoNiCrAlY by forming anorthite platelets and spinel oxides.
Based on the detailed investigation on degradation of the APS YSZ and CoNiCrAlY by
various corrosive deposits, an experimental attempt was carried out to mitigate the melt-induced
deposit attack. Experimental results from this study demonstrate, for the first time, that an oxide
overlay produced by electrophoretic deposition (EPD) can effectively perform as an
environmental barrier overlay for APS TBCs. The EPD protective overlay has a uniform and
easily-controllable thickness, uniformly distributed closed pores and tailored chemistry. The
EPD Al2O3 and MgO overlays were successful in protecting the APS YSZ TBCs against CMAS
attack and hot corrosion attack (e.g., sulfate and vanadate), respectively. Furnace thermal cyclic
oxidation testing of overlay-modified TBCs on bond-coated superalloy also demonstrated the
good adhesive durability of the EPD Al2O3 overlay.
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CHAPTER 1: INTRODUCTION
Advancements in materials technology led to success in many engineering challenges, for
example; space vehicles re-entering the earth‘s atmosphere are able to withstand an inevitable
exposure to extreme environment, i.e., high temperature and pressure. In the meantime,
continuing efforts in pushing current-generation materials to their limits for improved
performance come with many challenges in terms of environmental degradation [1-3]. With
increasing service temperature, the severity of the environmental degradation of materials, which
is a thermally-activated process in most cases, is expected to increase. The high temperature
behavior and the environmental degradation of engineering materials have been widely studied
for various industrial applications [4-7]. However, due to the development of novel materials and
concurrent increase in severity of environmental attack, high-temperature degradation of
structural materials is still an area of intense research [8].
1.1. High-Temperature Protective Coatings for Gas Turbine Applications
In power generation and aero-propulsion sectors, development of advanced gas turbines
for a superior performance with improved efficiency has been a wide subject of research for
many decades. The ever increasing demand for energy led to various ground-breaking materials
developments for advanced gas turbines, in specific. Superalloys, a class of structural alloys for
high temperature applications with excellent mechanical properties and superior resistance to
environmental degradation, have been extensively employed in load-bearing hot section
components of gas turbines [9]. However, because of the ever increasing demand to increase the
turbine inlet temperature (TIT) for improved engine efficiency, a materials system to effectively
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protect the hot section turbine components has been a critical requirement for current-generation
combustion turbines. Rotating and stationary turbine components such as airfoils and vanes
made of superalloys with complicated internal cooling schemes have not been sufficient to
withstand the demanding aggressive combustion environment [10]. Extensive research efforts
over decades led to advanced protective coatings for turbine components, primarily for thermal
insulation as well as to enhance the oxidation/hot corrosion resistance of turbine components
[11-17].
Development of thermal barrier coatings (TBCs) has undoubtedly been the most critical
advancement in materials technology for gas turbine applications. TBCs are widely used in both
industrial gas turbine (IGT) and aircraft engines [15]. TBCs facilitate a quantum leap in TIT (up
to 150°C) by providing thermal insulation to hot section metallic components [10]. TBCs,
besides facilitating such a tremendous increase in TIT, also protect the load bearing structural
alloys of combustion turbines from extreme environment (high temperature, high pressure,
corrosion) and have become the materials system of choice for improved efficiency and
performance of gas turbine engines. Continuing efforts in the development of TBCs represent
one of the most challenging tasks for scientists and engineers. In addition, given that TBC
technologies have the most significant impact on the sales and the repair business of the gas
turbine industry, they continue to be a prime focus of R&D for turbine OEMs. A schematic plot
illustrating the temperature capability of gas turbine components with advanced protective
coatings is shown in Fig. 1.1.
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Figure 1.: A schematic plot illustrating the temperature capability of high-temperature protective
coatings for gas turbine applications. ORC stands for oxidation resistant coatings.

Because of the demanding extreme operating conditions, TBCs possess the most complex
structure among the widely available coatings that are used to protect structural materials from
various environments. TBCs are multilayered systems consisting of a ceramic topcoat for
thermal insulation, a thermally grown oxide (TGO) scale, predominantly Al2O3, a metallic bond
coat that provides oxidation/hot corrosion resistance, and a superalloy substrate, which is the
load-bearing component [12, 15]. The ceramic topcoat of TBCs, typically made of zirconia
stabilized with yttria (YSZ – yttria stabilized zirconia), is often deposited either by air plasma
spray (APS) or electron beam physical vapor deposition (EB-PVD); the choice of the respective
deposition process depends on factors such as coating thickness, aerodynamic requirement,
repairability and production costs [10]. A typical cross-sectional microstructure of EB-PVD
3

TBCs, as presented in Fig. 1.2, clearly illustrates the temperature gradient across the multilayered TBC system.

Figure 1.: Typical cross-sectional micrograph of an EB-PVD TBC superimposed with a
temperature gradient.

The bond coat is primarily designed as a local Al reservoir for facilitating the formation
of α-Al2O3 as the TGO scale in preference to other oxides [17-21]. This bond coat material
system has also been widely employed as overlay oxidation resistant coatings (ORCs). Because
of its major influence on TBC durability through the morphology and structure of the TGO
formed, the bond coat has been considered as the most crucial component of TBCs [17, 18]. Two
different types of widely used bond coats are: MCrAlY (M = Ni and/or Co) and Pt-modified
nickel aluminide, (Ni,Pt)Al. Development in thermal spray processing techniques of MCrAlY
type bond coats identified Low Pressure Plasma Spraying (LPPS) or Vacuum Plasma Spraying
(VPS) technique as an effective method to fabricate denser and less oxidized bond coats [22].
Other techniques include the conventional Air Plasma Spraying (APS) [23, 24], High Frequency
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Pulse Detonation (HFPD) [25], and High Velocity OxyFuel (HVOF), which has gained attention
as another cost effective alternative technique for fabricating bond coats of desired quality [26,
27].
1.2. Molten Deposit-Induced Environmental Degradation of TBCs
Among the various life-limiting factors, one key durability issue of TBCs is their
resistance to environmental degradation due to molten deposits arising from the aggressive
combustion environment as well as from air-ingested foreign particles. Effective use of
environmentally acceptable and economically viable large coal reserves and various other
petroleum products as alternative fuels for power generation, especially in Integrated
Gasification Combined Cycle (IGCC) power plants, has been believed to improve the economy
of power generation. IGCC power plants, compared to the conventional coal-burning steam
turbine plants, operate at higher TIT and provide a more efficient energy source with reduced
CO2, SOx and NOx emissions. However, these IGCC plants need advanced combustion turbines
that operate at higher firing temperature, while requiring significantly improved tolerance to the
contaminants that erode, corrode and deposit onto hot section turbine components. Thus the
development of technology to improve the fuel-flexibility of gas turbine engines in order to use
alternative fuels that contain appreciable elemental impurities, e.g., syngas, petroleum coke
(petcoke), coal/petcoke blends and biomass-derived fuels for power generation, requires a clear
understanding of high temperature materials degradation due to the aggressive combustion
byproducts arising from alternative fuels. In addition, land-based military and marine engines
can be operated with low quality fuels containing elemental impurities such as vanadium,
phosphorus, sodium, calcium and sulfur. In such cases, molten corrosive compounds of V, S, Ca,
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Na, and P may be deposited on the surface of the turbine components during long term operation
at elevated temperature [12, 28]. Thus hot corrosion resistance over extended exposures to low
quality fuel is another key durability issue for the expanding applications of TBCs and ORCs.
Another rising and critical durability issue for TBCs is their resistance to degradation due
to air ingested CMAS (calcium-magnesium alumino silicate) sand deposits. TBCs are
increasingly susceptible to CMAS attack, especially in aircraft engines that operate in a dustladen environment wherein ingestion of siliceous debris into engines has been commonly
reported [29]. Similar to the contaminants due to fuel impurities, at elevated temperature these
airborne deposits adhere, melt and degrade the TBC system via a repeated freeze-thaw action
and, to a certain extent, direct chemical reaction with TBC constituents. The interactions that can
accelerate the failure of TBCs and underlying components include destabilization of the ceramic
YSZ topcoat, accelerated oxidation and hot corrosion of the underlying metallic bond coat and
superalloys [29, 30].
The high temperature degradation of TBCs by CMAS attack and hot corrosion through
molten deposits from fuel impurities has been widely studied [28-48]. In addition to the critical
threat due to thermo-mechanical damage via infiltration, degradation due to thermochemical
interactions can be significantly accelerated based on the contaminant content of alternative
fuels. Thus in order to protect TBCs from both themomechanical and thermochemical
degradation of molten deposits, melt ingression into the porous YSZ topcoat should be
completely suppressed. Various studies have attempted to mitigate the melt ingression by surface
sealing of the YSZ topcoat through employing surface processing techniques such as laser
glazing [43], or by employing inert environmental barrier layers as impermeable overlay
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protection [44, 45]. Modifying the YSZ topcoat chemistry was also studied [46-50]. Zirconia
stabilized with novel stabilizers were thoroughly studied as an alternate to YSZ-based TBCs
towards development of novel TBCs with superior resistance against environmental degradation.
Recently, rare-earth zirconates (REZ pyrochlores) such as A2Zr2O7 (A: LaGd) received greater
attention due to their promising resistance against CMAS attack [49-52].
1.3. Objectives of this Doctoral Research
In this investigation, attempts were made to thoroughly understand the thermochemical
degradation mechanisms of YSZ based APS TBCs by various possible corrosive molten deposits
[53-55]. APS YSZ and MCrAlY coatings as free-standing coatings without the substrate were
thoroughly tested by various corrosive species in isolation, and degradation reactions were
identified as a function of temperature. Hot corrosion studies of MCrAlY coatings by sulfate and
vanadate melts were also performed. A clear understanding of hot corrosion reactions by which
YSZ and MCrAlY coatings degrade by molten deposits would serve as a baseline for
development of protective coatings for fuel-flexible gas turbine applications as well as for
expanding the applications of current-generation TBCs and ORCs. With a motivation to identify
a promising engineering solution that requires only a slight modification to existing materials
and coating technology, various mitigation approaches were reviewed. Employing an
environmental barrier overlay composed of a desired material through a cost-effective scale-upready coating processing technique, electrophoretic deposition (EPD) has been extensively
explored for the first time for such applications to protect thermally sprayed YSZ TBCs against
molten deposit attack [56-58]. The promising capability of EPD barrier overlay coatings in
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protecting APS TBCs from environmental degradation and the mitigation mechanisms were
thoroughly examined.
Thus, the objectives of this study were: (i) to achieve a thorough understanding of the
thermochemical aspects of degradation of the APS YSZ and APS CoNiCrAlY coatings by
molten deposits and (ii) to develop a promising engineering solution to improve the resistance of
these protective coatings to such deposit-induced high temperature degradation. To achieve the
overall objective, the following goals were identified, and the corresponding work was carried
out.
1. To understand the degradation mechanisms of the APS YSZ coatings by corrosive
compounds that could arise from fuel impurities such as V2O5, P2O5, Na2SO4 and a
Na2SO4-V2O5 mixture.
2. To understand the degradation mechanisms of the APS YSZ by air-ingested CMAS sand
deposits at elevated temperatures.
3. To obtain a thorough understanding on degradation through hot corrosion of the APS
CoNiCrAlY coatings (e.g., TBC bond coats and overlay ORCs) by corrosive compounds
that could arise from fuel impurities such as V2O5, P2O5, Na2SO4, NaVO3 and CaSO4.
4. To understand the degradation mechanisms of the APS CoNiCrAlY coatings by airingested CMAS sand deposits at elevated temperatures.
5. To identify a promising engineering solution (materials/process modification) in order to
protect the current-generation APS TBCs from such molten deposit-induced
environmental attack.
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6. To demonstrate the potential of a cost-effective scale-up ready coating processing
technique, EPD, for fabricating an oxide overlay with the desired microstructure for
protecting TBCs.
7. To identify the mitigation mechanisms for the improved resistance against hot
corrosion/CMAS attack in TBCs with the EPD overlay.
8. To demonstrate the durability of the EPD overlay in terms of TBC lifetime during high
temperature exposure.
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CHAPTER 2: LITERATURE REVIEW
2.1. TBCs and ORCs: Materials and Processing
TBCs and overlay ORCs have become design-integrated parts of the high-temperature
materials system in gas turbine components. In the 1970s, plasma sprayed TBCs, primarily
composed of MgO stabilized zirconia found applications as protective coatings in commercial
gas turbine engines [12]. Continuous efforts in finding ideal materials for highly durable TBCs
for an improved component life led to various materials and process developments.
2.1.1. Ceramic Topcoat of TBCs
The selection of materials for TBCs, ceramic topcoat in specific, is restricted by critical
requirements including:
(1) High melting point,
(2) Phase stability between room temperature and operating temperature,
(3) Low thermal conductivity,
(4) Chemical inertness,
(5) Thermal expansion match with the metallic substrate,
(6) Good adherence to the metallic substrate and
(7) Low sintering rate to maintain the strain-tolerant microstructure.
Hence, there are only very few materials that can be considered. Zirconia in its stabilized
form can satisfy most of the requirements stated above as a material for the topcoat. Also
partially stabilized zirconia has excellent thermal shock resistance because of microcracking and
transformation toughening [59-61]. Stabilization of zirconia has been achieved with various
10

stabilizers such as CaO, MgO, Y2O3, Sc2O3, InO2, CeO2 and other rare earth oxides when alloyed
as a solid solution in ZrO2 [12, 62]. Extensive studies on various ZrO2 stabilizers for TBC
applications demonstrated yttria as the preferred choice of stabilizer, with a specific composition
of 7-8 wt.% as a solid solution in ZrO2 that yields partially stabilized zirconia (7-8YSZ: zirconia
stabilized with 7-8 wt.% yttria). The advantages of 7-8 YSZ are: high thermal expansion
coefficient; low thermal conductivity and high thermal shock resistance [15-17]. The YSZ TBCs
possess their long-term durability at high temperatures with a high strain compliance and the
long term stability of metastable, tetragonal prime ZrO2 phase (ť-ZrO2) [60].
As seen from the phase diagram of the ZrO2-YO1.5 system, presented in Fig. 2.1, the
equilibrium phases for the YSZ topcoat at typical gas turbine temperatures are a mixture of
tetragonal (t) and fluorite-cubic (f) phases [63-64]. However, during deposition processing of the
YSZ, a rapid quench promotes the formation of the metastable tetragonal-prime phase (ť-ZrO2).
This ť phase helps prevent the phase transformation to room temperature equilibrium phases
such as monoclinic (m) and fluorite-cubic (f) phases during thermal cycling. It is well known that
the phase transformation to the m-ZrO2 phase is accompanied by a large destructive volume
change (3 to 5%) that could lead to delamination and spallation of the ceramic topcoat [66].
Phase constituents of the YSZ also depend on the concentration of the oxide stabilizer. Different
compositions of the yttria stabilizer give rise to different phases. A mixture of 2-3 mol.% of
Y2O3 with ZrO2, when annealed at 1400°C to 1600°C and cooled at appropriate rates, yields a
metastable tetragonal (t) ZrO2 phase instead of a mixture of equilibrium monoclinic and cubic
phases. This in turn may contain cubic phases that depend on the processing conditions. This
phase is also known as Tetragonal Zirconia Polycrystalline (TZP) phase [60]. For proper
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distinction from other phases, it is also termed as Yttria-Tetragonal Zirconia Polycrystalline (YTZP) phase. On the other hand, 4-5 mol.% Y2O3 content as ZrO2 stabilizer, under appropriate
annealing (2200°C -2400°C) and rapid quenching yields, a metastable non-transformable
tetragonal (ť) phase.

Figure 2.: Equilibrium phase-diagram of ZrO2-YO1.5 system highlighting the regions of
transformable (t) and non-transformable (ť) metastable tetragonal zirconia polymorphs [63-65].
Formation of the ť-phase is very critical and is often described as Y-PSZ or PSZ, to
differentiate from fully stabilized zirconia (Y-FSZ or FSZ). The t-phase, in general, is considered
as the strongest ceramic because of its high strength and fracture toughness, greater than 15
MPa√m [59]. The fracture toughness of the TZP is a result of transformation toughening
mechanism where a transformation to the monoclinic phase under high stress (e.g. crack tip)
occurs [60]. When energy is dissipated at the crack tip and results in volume expansion further
12

crack propagation will be arrested, where as the ť-phase is completely stable even under high
mechanical stress and hence is called a non-transformable tetragonal phase. Extensive
investigations by various researchers concluded the following: (1) the transformation of the cubic
to the tetragonal t-phase is diffusion controlled; (2) the rapidly quenched tetragonal ť-phase is
formed by a diffusionless transformation and (3) the tetragonal-to-monoclinic transformation
toughening process is martensitic with the grain size and Y2O3 content being the primary factors
determining the martensitic start (Ms) temperature [60]. The equilibrium crystal structures of the
three polymorphs (fluorite-cubic, monoclinic and tetragonal) of zirconia are illustrated in Fig.
2.2.

Figure 2.: Crystal structures of ZrO2 polymorphs: (a) tetragonal, (b) monoclinic and (c) fluoritecubic ZrO2.
The YSZ coatings are often deposited either by air plasma spray (APS) or electron beam
physical vapor deposition (EB-PVD); the choice of the respective deposition process depends on
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factors such as coating thickness, aerodynamic requirement, repairability and production costs
[13-15]. These are the preferred techniques that provide high cooling rates necessary to achieve
the desirable ť ZrO2 phase. Besides the non-transformable characteristic of the ť-phase, it is also
regarded to have excellent strength and toughness. Typical microstructures of APS and EB-PVD
TBCs are presented with cross-sectional backscattered electron micrographs in Fig. 2.3.

Figure 2.: Cross-sectional backscattered electron micrographs showing typical microstructures of
(a) APS TBC (APS YSZ/LPPS MCrAlY/Superalloy) and (b) EB-PVD TBC (EB-PVD
YSZ/(Ni,Pt)Al/Superalloy).
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Processing Techniques of YSZ topcoat
(i) Air Plasma Spraying:
Atmospheric (or Air) plasma spray (APS) technique has been widely developed and
employed for TBC applications. Ceramic topcoats with controlled porosity have been readily
achieved by the APS technique [67]. Figure 2.4 shows a schematic representation of the APS
technique. The plasma gun typically consists of a thoriated tungsten cathode and tungsten anode
surrounded by a cooling jacket (water-cooled) and passages for the carrier gas. A high
temperature, high velocity plasma is generated by striking a DC potential between the cathode
and anode in the carrier gas (mixture of argon and hydrogen or hydrogen and nitrogen) in a
confined space. The temperature of the plasma at the nozzle tip is around 6000-12000ºC and
travels with a velocity in the range of 200-600 m/s. The standoff distance or gun to work distance
(GTW) can typically range from 75 mm to 150 mm to form the desired coating. A plasma torch
can be operated in a power range up to 200 KW depending upon the torch model.

Figure 2.: A schematic representation of a typical plasma spray torch employed in APS
technique.
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In general, the APS process utilizes a high DC arc current of 100 A to 1000 A to strike an
arc between the electrodes in the presence of an electrically excitable primary gas to generate a
high temperature, high velocity plasma. Argon or nitrogen are commonly used as the primary
gas. To enhance the plasma performance, a high enthalpy secondary gas, typically N2, H2 or He
is injected into the established plasma plume. The APS torch components are typically water
cooled during operation to prevent degradation and melting of the cathode and anode by the high
temperature plasma. To deposit a coating, powders of the coating material are injected into the
plasma plume (externally or internally depending on the gun design), where they are heated to
their molten state and accelerated onto the work piece (substrate). Spraying of molten particles
(splats) through multiple passes yields a splat-quenched coating microstructure of desired
thickness.
Even though the APS technique is simple, many different factors can be controlled for
process optimization [69]. Typical parameters of APS processing include:


Torch design: nozzle diameter and electrode configuration (multiple cathodes).



Powder feed configuration: powder injection location and injection angle.



Spraying operation: arc power, gas composition, plasma temperature, stand-off
distance, and surface preparation of the work piece.



Starting powder: size, shape, chemical homogeneity, and the distribution of phase
constituents.

Primary and secondary gas flow rates control the amount of electrically excitable gas
available for plasma generation, which subsequently affects the temperature and velocity of the
particle plume. An increase in the amount of plasma gas, both primary and secondary, will
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increase the temperature and velocity of the spray particle. It is obvious that arc current decides
the total amount of energy available to generate and sustain the plasma plume. By increasing the
arc current, increases in particle temperature and velocity can be achieved due to the higher
energy transfer to the particles from the plasma plume. Powder feed rates, controlled by powder
mass flow and carrier gas flow rates, is another critical process variable that yields optimum
deposition rates for a given plasma state. Increasing the powder mass flow tends to decrease the
available energy per particle for heating and acceleration, which in turn reduces the particle
temperature and velocity. On the other hand, an increase in the carrier gas flow that result in
better transfer of momentum to the powders, enables more particles to enter into the hottest
central zone of the plasma plume. This generally increases particle temperatures. Additionally,
the stand-off distance greatly affects the coating characteristics by controlling the amount of
dwell time the molten particles experience in ambient state, especially during APS of metallic
particles. It has been reported that a decrease in stand-off distance tends to yield higher particle
temperature and velocities that give rise to better adhesion and deposition efficiencies [69]. It
should be noted that an optimum stand-off distance is required based on the plasma plume
length, since a smaller stand-off distance can over-heat the substrate. Substrate preparation is
equally important for the coating adhesion strength. In general, the substrate surface needs to be
roughened to allow improved mechanical bonding of the molten spray particles. Roughening of
substrates is usually done by a grit blasting step before APS processing. Upon impact with the
grit-blasted substrate, molten particles flatten to form splats. These splats mechanically interlock
onto the roughened substrate surface to form a coating with superior adhesion.
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Porosity is inherent in the plasma sprayed coatings. It is introduced during the process of
splat formation from molten droplets during rapid quenching. Porosity has an important role to
play in the performance and durability of TBCs, since it significantly influences the thermal
conductivity, thermal shock resistance and erosion resistance. An increase in the amount of
porosity would result in better thermal insulation and spallation resistance, however, a porous
coating would possess inferior erosion and hot corrosion resistance due to the increased channels
for molten deposits to infiltrate the coating. In addition, the thermal cycle life has been reported
to be sensitive to the density of the ceramic topcoat as shown in Fig. 2.5.

Figure 2.: Effect of the YSZ topcoat density on the thermal cyclic lifetime of YSZ TBCs [68].

The APS technique, being a cost-effective versatile manufacturing technique, has also
been widely employed to spray different kinds of coatings for various high temperature
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applications. Metallic coatings (ORCs and TBC bond coat) have also been processed by the APS
technique with controlled processing conditions that can minimize their inevitable internal oxide
content [69].
(ii) Electron Beam Physical Vapor Deposition (EB-PVD):
EB-PVD is a widely used technique in the gas turbine industry for applying coatings to
turbine blades and vanes for protection against oxidation and hot corrosion. EB-PVD coatings
that are typically used in aero-engine turbine applications have excellent spallation resistance
[70, 71]. Their superior properties in comparison to plasma sprayed counterparts are (1) longer
thermal cyclic lifetime, (2) smoother surface finish, (3) better surface finish retention, and (4)
superior erosion resistance. A schematic of an EB-PVD production facility is shown in Fig. 2.6.
In order to deposit 7-8YZ, it is essential to provide certain oxygen partial pressure within the
chamber to maintain oxygen stoichiometry of the ZrO2-based coatings.
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Figure 2.: A schematic illustration of the EB-PVD process that takes place inside an evaporation
chamber. The parts are typically rotated and revolved while being heated by a laser heat source
and the ceramic ingots are heated by an electron beam to form a vapor rich environment, which
deposits on the turbine blades [72].

The EB-PVD process involves [70]:


High power electron beam focused onto the YSZ ingot that melts locally and
creates a YSZ vapor rich environment.



The vapor deposits on parts that are held in rotatable and retractable fixtures
above the vapor source.



For best adhesion, the bond coat surface must be smooth. Adhesion in the EBPVD TBCs involves a chemical bonding between the YSZ and the substrate.

EB-PVD TBCs possess a columnar microstructure, which can be clearly seen in the
typical cross-sectional micrograph presented in Fig. 2.3 (b). This is the beneficial characteristic
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of EB-PVD coatings since the columnar microstructure is believed to alleviate the stress
generated within the YSZ coating due to the thermal expansion mismatch. The advantage lies in
the fact that strain within the YSZ topcoat is accommodated by free expansion or contraction of
the columns into the intercolumnar gaps that results in negligible stress buildup [73, 74].
However, such an improved durability in comparison to APS processed coatings comes with a
trade-off. There is an increase in the thermal conductivity of the coatings by a factor of 2 as
compared to the plasma sprayed coatings [70]. It should be noted that a thin layer of dense YSZ
forms during the onset of the coating deposition on the bond coat surface until columnar YSZ
structure eventually develops. This is because of the initial deficiency of oxygen in the chamber
just before zirconia deposition. Thus, the thickness of such dense YSZ layer is dependent on the
time with which oxygen is introduced once the YSZ deposition has started.
(iii) Dense Vertically Cracked (DVC) TBCs:
Air plasma sprayed coatings are typically prone to large scale spallation as the cracks
induced due to thermal stresses propagate easily. In order to relieve the thermal stresses in TBCs
that arise from the thermal expansion mismatch, vertically segmented cracks have been
deliberately introduced into the ceramic topcoat in order to improve the lifetime of TBCs. Dense
vertically cracked (DVC) TBCs are typical ceramic coatings, and by definition, are dense, hard
and difficult to abrade. DVC TBCs are often employed in combustor components so as to
produce a segmented ceramic structure having numerous macrocracks (20 to 200 cracks/inch),
which are oriented substantially perpendicular to the surface [75-77].
DVC TBCs have greater resistance to particle erosion than those previously employed in
gas turbine engine combustors, which is particularly advantageous in the wet (or water injection)
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environment. These quasi-columnar structured dense vertically cracked TBCs typically possess a
porosity of less than approximately 12% and a tensile strength in the range of approximately 4-7
ksi. The YSZ based DVC TBCs are processed in the following way [77]:
Thermal deposition of YSZ powders onto a substrate by APS technique with modified
processing parameters such as substrate temperature in order to achieve ―hot spraying‖.
Formation of a monolayer having at least two superimposed splats of the deposited YSZ powders
in which the temperature of a subsequent deposited splat is higher than the temperature of
previously deposited splat is typically achieved.
During hot spraying, with increased substrate temperature, the typical shrinkage of splat
during cooling is hindered, which generates in-plane tensile stress within the sprayed monolayer.
Subsequent initiation of vertical cracks in order to relieve the generated tensile stress occurs.
Repeating these steps so that at least 70% of the generated vertical cracks in a monolayer
are aligned with vertical cracks in an adjacent monolayer to form a vertical macrocrack.
Increased substrate temperature also tends to facilitate the remelting of quenched splats by
subsequently depositing splats resulting in microwelding of monolayers. This would avoid the
detrimental horizontal branching cracks that typically form during poor DVC processing. An
increase in torch current and a decrease in stand-off distance were found to greatly promote the
vertical crack formation. Moreover, plasma gun speed and powder feed rate also seem to affect
the formation of vertical cracks and their density in DVC TBCs.
Segmented TBCs by DVC processing could also be achieved by spraying a plurality of
layers of a ceramic topcoat onto the turbine component by typically utilizing a plasma-spray
torch at a first distance followed by plasma-spraying a sacrificial layer of the ceramic coating,
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with the plasma-spray torch at a second, greater distance from the turbine component, and
thereby make the sacrificial layer less dense than the plurality of layers. Subsequent cooling and
solidification during this process often results in vertical macrocracks. Abrading the sacrificial
layer to remove some or the entire sacrificial layer to achieve a desired final coating thickness
and surface roughness is usually performed. A typical DVC TBC microstructure is represented in
backscattered electron micrograph shown in Fig. 2.7.

Figure 2.: Cross-sectional backscattered electron micrograph of a DVC TBC with segmented
vertical macrocracks [75].
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2.1.2. Overlay ORCs and Bond Coat of TBCs
Based on research efforts during the 1960s that demonstrated the exceptional oxide
adherence (alumina) during thermal cyclic exposure of novel Fe-base alloys (Fe-25%Cr-4%Al1.0%Y), MCrAlY type overlay oxidation resistant coatings emerged [69]. CoCrAlY coatings
having excellent hot corrosion resistance were not suitable for applications in airfoils, since they
failed to satisfy the ductility requirement. NiCoCrAlY was ultimately found to have exceptional
ductility with adequate oxidation and hot corrosion resistance. The superior hot corrosion and
oxidation resistance of these coatings is attributed to the formation of highly adherent alumina
scales, for which the growth rate is slow as a result of the widely studied reactive element effect
that is attributable to yttrium. In addition, their high Cr contents make them useful protective
coatings against hot corrosion. These overlay coatings are typically deposited using low pressure
plasma spray (LPPS), a modified thermal spray process performed completely in a low-pressure
chamber [22]. The EB-PVD technique has also been employed for metallic coating processing.
The EB-PVD process is preferred for high quality coatings in order to completely avoid the
oxidation of the MCrAlY coating that occurs during thermal spray processing. However, the
thermal spray processes are favored for their cost-effectiveness. Overlay coatings also show
interdiffusion effects with alloy substrates and Itoh et al., demonstrated that the rate of
interdiffusion decreases in the order NiCrAlY > CoCrAlY > NiCoCrAlY > CoNiAlY, where
NiCo represents higher Ni content compared to Co and vice-versa [69]. Research efforts to
minimize coating/substrate interdiffusion by employing a diffusion barrier with an optimum
composition have also been made.
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In general, turbine components protected with TBCs operate in an oxygen rich
combustion environment at elevated temperatures. In order to protect the superalloy substrate
from oxidation, an oxidation resistant bond coat is applied in-between the topcoat and the
substrate. This bond coat is 75 - 300 μm in thickness, and has been believed to dictate the
ultimate failure of TBCs [23]. At peak operating conditions, the temperature at the bond coat
surface exceeds 900°C, which results in bond coat oxidation and the formation of the thermally
grown oxide (TGO). Although the formation of the TGO is inevitable, an ideal bond coat is
engineered to ensure that the TGO forms α-Al2O3 and its growth is slow, uniform and defect
free. The growth of the TGO during engine operation is the most important phenomena
responsible for the spallation failure of TBCs [78-84]. Thus, the TGO scale that forms between
the YSZ topcoat and the metallic bond coat significantly influences the durability of TBCs.
The bond coat is primarily designed as a local Al reservoir for facilitating the formation
of α-Al2O3 as the TGO scale in preference to other oxides [16, 17]. Because of its major
influence on the TBC durability through the morphology and phase constituents of the TGO, the
bond coat has been considered as the most crucial component in TBCs. Two different types of
widely used bond coats are: MCrAlY (M = Ni and/or Co) and Pt-modified nickel aluminide
(Ni,Pt)Al. MCrAlY bond coats, as discussed earlier, are typically deposited by LPPS, and consist
of two phases: β-NiAl and either γ-Ni solid solution or γ′-Ni3Al. Yttrium acts as a solid state
getter for elemental S impurities that diffuse from the superalloy substrate and thus the Y
addition at a lower concentration improves the adhesion of the TGO [85]. An equilibrium phase
diagram of the Ni-Al binary system is shown in Fig. 2.8. Pt-modified nickel aluminide coatings,
which are primarily a single phase β-NiAl with Pt in solid solution, are usually fabricated by
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electroplating a thin layer of platinum onto the superalloy substrate and then aluminizing by
either chemical vapor deposition or pack cementation [10]. In general, (Ni,Pt)Al coatings that are
completely composed of β-NiAl are widely employed in aero-engine applications. In EBPVD
ceramic TBC systems, a superior oxidation resistance with the desired TGO characteristics has
been the promising characteristic attributed to the (Ni,Pt)Al bond coat [81]. Thus, a superior
performance in thermal cycling conditions in typical aero-propulsion applications has been
achieved by EB-PVD TBCs with (Ni,Pt)Al bond coat.

Figure 2.: Equilibrium binary phase diagram of Ni-Al system [86].

A schematic map showing the effectiveness of these widely classified bond coat material
systems (or ORCs) for protection against high temperature oxidation and corrosion is shown in
Fig 2.9. This map shows, for example, CoCrAlY coatings are not effective for oxidation
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resistance compared to NiCoCrAlY or CoNiCrAlY. In order to exploit the complete potential of
MCrAlY-type coatings for an appropriate oxidation and hot corrosion resistant applications,
coatings having a composition gradient have also been envisaged by Nicholls et al [87]. The socalled smart coatings consist of a commercial base coating (Co–32Ni–21Cr–8Al–0.5Y) adjacent
to the substrate, a Cr enriched layer of variable composition from Ni–60Cr–20Al to Ni–35Cr–
40Al sandwiched between the base coating and a surface layer of composition Ni–15Cr–32Al.
Even though such coatings impose challenges in terms of coating ductility, these overlay
coatings were found to outperform their Pt-modified nickel aluminide counterparts.

Figure 2.: A schematic map illustrating the effectiveness of various coating materials system
against high-temperature oxidation and corrosion.

Development in thermal spray processing techniques of MCrAlY-type bond coats
identified Low Pressure Plasma Spraying (LPPS), also known as the Vacuum Plasma Spraying
(VPS) technique as an effective method to fabricate denser and less oxidized bond coats [22].
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Other techniques include the conventional Air Plasma Spraying (APS) [23, 24], High Frequency
Pulse Detonation (HFPD) [25], and High Velocity OxyFuel (HVOF), which has gained attention
as another cost effective alternative technique for fabricating bond coats of the desired quality
[26, 27].
2.1.3. TGO formation in TBCs
In TBCs, the TGO scale grown at the interface between the bond coat and the YSZ
topcoat is very critical and typically dictates the durability of TBCs. The pre-heat treatment
before the YSZ deposition for a better coating adhesion, and the O2 introduction during the EBPVD process to maintain required oxygen stoichiometry in the YSZ also oxidizes the bond coat.
The formation and growth of the TGO scale (α-Al2O3) depletes Al content from the bond coat
via selective oxidation. If Al depletion is severe, it is possible to form other oxides, such as Ni-,
Cr- and Co-rich oxide, including NiO, Cr2O3, CoO, and spinels such as (Ni,Co)(Al,Cr)2O4 that
possess low fracture toughness . In addition, excessive alloying with reactive elements can also
result in the formation of oxide pegs and brittleness of the coatings [84]. For example, formation
of Y3Al5O12 (yttrium aluminum garnet - YAG) and/or Y2O3 within the TGO scale, and the
corresponding loss of adhesion between the TGO and bond coat has been reported [88, 89]. Also,
the primary constituent of the TGO scale, Al2O3 has various polymorphs such as the equilibrium
α-Al2O3, metastable θ-Al2O3 and metastable γ-Al2O3. Other oxides such as NiO, Cr2O3,
(Al,Cr)2O3, CoO, and spinels such as (Ni,Co)(Al,Cr)2O4 may also form in the TGO scale due to
transient oxidation and severe degradation of the bond coat [27, 88]. Transient oxides are usually
observed to form in the TGO scale for TBCs at a very early stage of oxidation in air as a result of
the compositional inhomogeneity in the APS YSZ [27]. Localized volume changes due to the
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formation of these oxides can cause crack nucleation and growth into the YSZ. Reduced
formation of transient oxides can be achieved by improved composition homogeneity.
Premature failure of TBCs can be prevented by reducing crack formation from the transient
oxides. During the oxidation of bond coats, the diffusion-controlled TGO growth, stress state,
polymorphic transformation of Al2O3 and other oxidation products (e.g., oxides Ni, Cr, Co, Hf
and Y) can vary as a function of processing, composition, microstructure, and operating
conditions [16, 17]. Thus, the TGO plays a very critical role in determining the lifetime of TBCs.
The failure of TBC systems is typically associated with cracking at the TGO/bond coat interface,
and/or within the TGO, and/or at the YSZ/TGO interface, and/or within the YSZ [16, 17, 79-81].
Accordingly, the adhesion of the TGO layer and residual stress within the TGO scale was found
to have a profound influence on the damage mechanisms and spallation failure of TBCs. The αAl2O3 is the preferred constituent of the TGO scale, because of its low oxygen diffusivity and
superior adhesion to the metallic bond coat surface. The TGO consisting of α-Al2O3 also
develops extremely large residual compressive stress upon cooling because of its thermal
expansion misfit (2~6 GPa) [91-93], and its growth due to constrained volume expansion (1GPa)
[94]. Transformations of the metastable phases and the bond coat surface roughness can also
influence the residual stress in the TGO scale. Clarke et al. elaborated on the stresses that
develop during the growth of alumina and also the rumpling effect of alumina [95-97]. The stress
development and oxide rumpling cause the alumina layer to detach from the bond coat. Because
the crack is typically initiated near the YSZ-bond coat interface, YSZ delamination occurs.
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2.2. Failure Mechanisms of TBCs
Durability of TBCs has always been a major issue due to the inevitable introduction of
thermal stresses into the ceramic coating during gas turbine operation in extreme environments.
Extensive efforts have been made to identify the failure mechanisms of the TBCs. An extensive
review by Evans et al., presents the common failure mechanisms of APS and EB-PVD TBCs
[16-17].
The various possible factors/phenomena influencing the TBC failure are listed below:


Sintering in the ceramic topcoat increases the thermal conductivity and modulus of
elasticity resulting in high metal surface temperature and subsequent enhancement of
bond coat oxidation and creep. This subsequently results in stress-induced spallation at
the interface between the topcoat and TGO. This mode of failure has been reported in
APS TBCs [16].



Thermal expansion mismatch stresses between the TBC/TGO/bond coat layers.



Growth of the TGO scale at the interface between the bond coat and YSZ because of the
bond coat oxidation, which results in stresses at the interface of the TGO/bond coat.



Depletion of Al from the bond coat leading to the formation of the brittle oxides other
than α-Al2O3, such as spinel [(Ni,Co)(Al,Cr)2O4].



Cyclic creep of the bond coat.



Degradation of the metal ceramic interface toughness.



Delamination, cracking and crack coalescence.



Foreign object damage.
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Environmental degradation due to corrosive molten deposits arising from alternative lowquality fuel and air-ingested CMAS sand deposits.

Durability of TBCs is typically governed by a sequence of crack nucleation, propagation, and
coalescence events. These failure characteristics are analogous to that of low cycle fatigue failure
in structural alloys. Sequential crack propagation that leads to ultimate TBC failure occurs
through following steps [81]:
(1) Small cracks and separations nucleate at defects in (or near) the TGO.
(2) Once nucleated, the small cracks extend and coalesce, but the TBC remains attached.
(3) Failure occurs through localized but complete delamination at YSZ/bond coat interface,
causing a separation large enough to create either a large-scale buckle or an edge
delamination that results in spallation.
It should be noted that TBCs processed by APS and EB-PVD are completely different in
their microstructure, morphology, and thermophysical properties and thus fail through different
failure mechanisms. In APS TBCs, failure occurs by crack evolution in the YSZ topcoat itself,
occurring in planes parallel to the substrate. In contrast, EB-PVD coatings are often deposited on
a smooth bond coat and fail typically by loss of adherence of the TGO to the bond coat. Also, the
dominant failure mechanisms are different for the two areas of application, propulsion and power
generation, due to the different thermal histories. Systems used for propulsion and peak-load
purposes experience multiple thermal cycles and can fail when the TGO thickness ranges from 15μm. TBCs in turbines for base-load power generation are typically operated with fewer thermal
cycles and fail when the TGO thickness ranges between 5-15μm. Thermal cycling diminishes the
durability of the TBCs.
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2.2.1. Failure Mechanisms in APS TBCs
Failure due to various cracking mechanisms (I-IV) in APS TBCs are clearly presented
through a series of cross-sectional backscattered electron micrographs of a near-failure APS TBC
as shown in Fig. 2.10. The common failure mechanisms observed in APS TBCs [80] can be
explained as follows:


Mechanism I: Cracking at the YSZ Topcoat/TGO Interface:
The thermal expansion mismatch between the ceramic topcoat and the metallic bond coat
typically results in introduction of compressive stresses during cooling. In addition, the
sintering of the YSZ topcoat also contributes to the stress generation. It should be noted
that the stresses within the YSZ are generally lower than the residual stresses within the
TGO. The rough topcoat/bond coat interface inherent in APS TBCs is responsible for the
out-of-plane stresses at the vicinity of topcoat/TGO interface. A tensile stress in the crests
and compressive stress in troughs could ultimately lead to cracking at the YSZ/TGO
interface.



Mechanism II and III: Cracking at the TGO/Bond coat Interface and within TGO
Two types of out-of-plane stresses act at the TGO/bond coat interface, tensile and
compressive stresses at the crests and troughs, respectively. During thermal exposure, a
continuous growth of the TGO ultimately results in an increase in the out-of-plane tensile
stress leading to cracking at the TGO/BC interface, which typically gets initiated at crests
as shown in Fig. 2.10. With the TGO thickening at the expense of oxidation of the bond
coat, thermal stresses are locally dominated by thermal expansion mismatch between the
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bond coat and TGO, which is rather higher than just the bond coat and topcoat. There is a
certain critical thickness beyond which the coefficient of thermal expansion of the bond
coat and TGO becomes lower than that of both bond coat and topcoat. This reverses the
nature of the stresses in the troughs associated with the topcoat undulation from
compressive to tension. The reversal from compression to tension in the troughs would
eventually cause cracking within the TGO, which in most cases extends into the YSZ that
consists of pre-existing microcracks and intersplat boundaries.


Mechanism IV: Cracking within the YSZ
Similar to the mechanism I, the development of out-of-plane stresses at the vicinity of the
topcoat/TGO interface could also result in cracking within the YSZ due to the fact that
the porous, yet brittle YSZ is more susceptible to cracking to relieve the generated stress.
Cracks form through the pre-existing intersplat boundaries within the YSZ.

33

Figure 2.: Cross-sectional microstructures of nearly failed APS TBCs showing different failure
mechanisms.
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2.2.2. Failure Mechanisms in EB-PVD TBCs
The EB-PVD TBCs with columnar microstructure are more strain tolerant than APS
TBCs. Inelastic deformation of the YSZ layer occurs in the plasma sprayed TBCs during thermal
cycling, whereas in the case of EB-PVD TBCs, it would remain elastic, with the life-limiting
factor being the strain that develops within the TGO [16]. Failure in EB-PVD TBCs occurs at the
bond coat/TGO or the TGO/topcoat interfaces. Fig. 2.11 is a schematic representation of failure
mechanisms in EB-PVD TBCs.

Figure 2.: A cross-sectional micrograph of an EB-PVD TBC hypothetically illustrating the two
common failure mechanisms.
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Mechanism I: At bond coat/TGO interface
This is similar to that of the APS TBCs. The crests in case of EB-PVD TBCs are surface
irregularities or undulations. Formation of voids and Ni/Co-rich TGO are the primary
reasons for the degradation of the TGO/Bond coat interface. The development of voids
and internal oxidation is observed to begin after the depletion of Al rich β-phase (NiAl).



Mechanism II: At TGO/Topcoat interface
Separation of the TGO from the topcoat with penetration may be due to the following
mechanisms.
 Roughening of the TGO because of the bond coat creep during cooling.
 Phase transformations within the YSZ and TGO, and sintering of the YSZ.
 Cavity formation in the bond coat is inherent in the CVD aluminizing process. Such
cavities could also lead to decohesion at the TGO/YSZ interface.
 Occasional presence of embedded oxides due to the surface smoothening treatment of
the bond coat before EB-PVD deposition also affects the TGO/topcoat interface
strength. These oxides grow at an accelerated rate and promote cracking within the
TGO.
 The other possible mechanism is the formation of the Ni/Co rich oxides (spinels) at
the TGO/YSZ interface. These spinels being extremely brittle in nature can result in
delamination of TBC through decohesion at the YSZ/TGO interface.
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2.2.3. TBCs with Improved TGO Adhesion
In order to improve the durability of TBCs, numerous attempts to improve the stability of
TGO interfaces and the properties of alumina scale have been undertaken [98-101]. Some of the
approaches are:
Improvement in alumina scale properties:


Assuring that the TGO is predominantly composed of α-Al2O3.



Reducing the growth rate of the TGO – assuring high purity of α-Al2O3.



Minimizing the growth stress in alumina.



Employing additional steps (pre and post heat treatments during processing of TBC) at
desired treatment conditions to assure the formation of continuous α-Al2O3 as the TGO
before service.

Superior TGO interface stability:


Inhibiting the bond coat rumpling – minimizing the thermal expansion mismatch
between the bond coat and the superalloy.



Avoiding the martensitic  phase transformation (  L10) near the interface.



Improving the TGO adhesion to the topcoat by minimizing the formation of impurity
oxides.



Improving the TGO adhesion at the bond coat interface – modifying the substrate alloy
chemistry by adding reactive elements (up to 2% Hf and/or Y) that facilitates pegging
of the TGO scale at the interface.



Minimizing the interfacial sulfur activity.
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Modifications to TBCs. such as controlling the processing parameters, additional
processing steps (surface smoothing, additional heat-treatment in a desired environment),
alloying additions to superalloy and employing various processing techniques have been shown
to significantly affect/improve the lifetime of TBCs through various mechanisms [10].
2.3. High Temperature Degradation of TBCs by Molten Deposits
In gas turbine engines, due to the increasing severity of the combustion environment that
results from attempts to improve the power generation efficiency and economy, molten-deposit
induced high-temperature degradation of TBCs has become another critical durability issue. The
use of cost-effective alternative fuels that could have high levels of impurities can promote the
formation of corrosive compounds rich in S, V, Na, Ca, K, and P, which get deposited on hotsection turbine components [12, 28]. CMAS (CaO-MgO-Al2O3-SiO2), typical air-ingested sand,
having a melting temperature of 1240°C can be another source of such life-limiting corrosive
deposits on TBCs [29, 30]. At elevated temperature, these deposits adhere, melt and degrade the
TBC system via repeated freeze-thaw action and, to a certain extent, direct chemical interaction
with TBC constituents. The interactions that can accelerate the failure of TBCs and underlying
components include destabilization of the YSZ topcoat, dissolution of the TGO (α-Al2O3),
accelerated oxidation and the hot corrosion of underlying metallic bond coat and superalloys [3058].
The superior performance of the YSZ-based TBCs is primarily attributed to the
metastable ť ZrO2 phase, which is thermally stable up to 1200°C for any long term exposure.
Preferential chemical reaction of corrosive deposits with the yttria stabilizer of YSZ would
intuitively result in destabilization of the YSZ. The YSZ depleted in yttria content would
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eventually go through the disruptive phase transformation to monoclinic ZrO2 (ťtm+f). It has
been proven that TBC durability is greatly affected by this ťm ZrO2 phase transformation due
to the accompanying volume change [66]. Thus, any degradation mechanism resulting in the
YSZ destabilization and formation of the m-ZrO2 phase is of critical importance that needs to be
inhibited.
The thermomechanical degradation by a repeated freeze-thaw action due to the ingression
of a corrosive melt through the porous YSZ topcoat is of equal importance. A review by
Strangman et al., postulated that the thermomechanical damage through infiltration was more
important than the reactions that destabilize the YSZ. However, the extent of chemical damage
can vary significantly as a function of contaminant-content in fuel blends. Further, in most
studies a complete infiltration of the YSZ topcoat by molten deposits at elevated temperatures
has been observed [28]. This clearly warrants an understanding of the interaction of the corrosive
molten deposits with the underlying metallic bond coat. Even though MCrAlY type overlay
coatings are widely used for oxidation/hot corrosion resistance in high temperature applications,
the presence of molten deposits that can readily dissolve the protective oxide (Al2O3 or Cr2O3)
could result in accelerated oxidation and consumption of coating constituents. Thus, hot
corrosion of TBCs and ORCs over extended exposure has been a critical issue that warrants a
clear understanding for expanded applications of TBCs.
The hot corrosion of TBCs due to molten deposits can be categorized into four different
degradation modes [28]:
1. Thermochemical interaction resulting in dissolution and reprecipitation of the YSZ and
destabilization due to the depletion of yttria stabilizer through chemical reactions.
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2. Mineralization – a type of phase reaction involving a non reactive melt that tends to
stabilize a nonequilibrium phase to an equilibrium phase. This mode of degradation has
not been observed in YSZ TBCs.
3. Hot corrosion of the MCrAlY bond coat that significantly consumes the bond coat
constituents and thus affects the TGO growth mechanism.
4. Thermomechanical degradation due to a repeated freeze-thaw action during melt
ingression followed by solidification.
2.3.1. Degradation of TBCs and ORCs by Molten Deposits from Fuel Impurities
The principal fuel impurities that can cause hot corrosion in TBCs are sodium, calcium,
sulfur, vanadium and possibly phosphorus. During combustion these fuel impurities tend to form
corrosive oxides that are strongly acidic or basic. Hot corrosion is typically controlled by Lewis
acid-base oxide reactions, where oxides of acidic and basic nature interact readily. Also, these
strong acidic and basic corrosive oxides tend to readily form salts (sulfates and vanadates) that
can melt at a relatively lower temperature compared to the individual oxides. Chemical reactions
resulting in such corrosive compounds in a combustion environment can be written as follows:

2 V + 5/2 O2 → V2O5 (strongly acidic)

Eq. 2.1

2 Na + ½ O2 → Na2O (strongly basic)

Eq. 2.2

Ca + ½ O2 → CaO (basic)

Eq. 2.3

S + O2 → SO2;

Eq. 2.4

SO2 + ½ O2 → SO3 (strongly acidic)

2 P + 5/2 O2 → P2O5 (strongly acidic)

Eq. 2.5

V2O5 (acidic) + 2 NaO (basic) → 2 NaVO3 (salt)

Eq. 2.6
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SO3 (acidic) + 2 NaO (basic) → Na2SO4 (salt)

Eq. 2.7

SO3 (acidic) + CaO (basic) → CaSO4 (salt)

Eq. 2.8

In addition to these typical corrosive compounds, sulfates of potassium (K2SO4) and iron
(FeSO4) have also been reported to be critical threats. These sulfates are expected to degrade
TBCs through similar interactions as that of Na2SO4 and CaSO4. An extensive review on hot
corrosion of TBCs by Jones [12, 28] presents the various possible degradation reactions that
could result in TBC failure.
Vanadium pentoxide (V2O5), a strong acidic oxide with a melting point (Tm) of 690°C
and sodium metavanadate (NaVO3), a corrosive salt (Tm: 610°C) that could form in the presence
of both Na and V in fuel, have been considered as major threats for TBCs. Extensive studies on
degradation by V rich compounds, revealed their aggressive acidic nature on TBC constituents
[35-40]. YSZ has been reported to be readily affected through chemical reactions that result in
destabilization. As explained in the following reactions, Eq. 2.9 and 2.10, the yttria stabilizer
readily reacts with V2O5 and NaVO3 to form yttrium vanadate (YVO4), which is thermally stable
with a high melting point (Tm: 1810°C). This resulted in the depletion of the Y2O3 stabilizer from
the YSZ that consequently led to the disruptive YSZ phase transformation to monoclinic ZrO2
(ťtm+f) [35-40].

ZrO2 (Y2O3)(s) (basic) + V2O5(l) (acidic) → YVO4(s) + ZrO2(s) (monoclinic)

Eq. 2.9

ZrO2 (Y2O3)(s) (basic) + NaVO3(l) → YVO4(s) + ZrO2(s) (monoclinic) + Na2O(s)

Eq. 2.10
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Even though, ZrO2 itself has resistance against V2O5 attack, some recent research efforts
including this doctoral study, found direct interaction of ZrO2 with V2O5 with a temperature
dependence on the preferential attack of V2O5 [53]. Formation of zirconium pyrovanadate
(Zr2V2O7) as described in Eq. 2.11, has been identified through a thorough investigation in this
study.

ZrO2 (Y2O3)(s) (basic) + V2O5(l) (acidic) → ZrV2O7(s) + ZrO2(s) (t or f)

Eq.2.11

Hot corrosion studies on MCrAlY type bond coats (ORCs) by V rich compounds have
been seldom documented [31]. A corrosive melt rich in V had been reported to consume
MCrAlY (M = Ni or Ni+Co) coating constituents by dissolution of protective oxides such as
Al2O3 and Cr2O3 to form AlVO4 and CrVO4, respectively. Due to the depletion of the Al and Cr
content through hot corrosion mechanisms, the oxidation of Ni to NiO and subsequent formation
of nickel vanadate (Ni3V2O8) has also been reported [102]. Reactions resulting in such acidic
dissolution of protective oxides of MCrAlY are presented by Equations 2.12 to 2.14.

Al2O3 (s) + V2O5 (l) → 2 AlVO4 (s)

Eq. 2.12

Cr2O3 (s) + V2O5 (l) → 2 CrVO4 (s)

Eq. 2.13

NiO (s) + V2O5 (l) → Ni3V2O8 (s)

Eq. 2.14

The presence of phosphorus as a fuel impurity can also degrade TBCs through similar
mechanisms. Even though researchers speculated that P-rich corrosive compounds such as P2O5,
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which is strongly acidic in nature, could degrade TBCs in a manner similar to that of a acidic
V2O5 melt, there is no existing report of such degradation reactions. P2O5 can react with Y2O3
and ZrO2 of YSZ to form yttrium phosphate (YPO4) and zirconium pyrophosphate (ZrP2O7),
respectively, at elevated temperatures [28]. The reactions resulting in YSZ degradation by P2O5
can be represented as shown in Equations 2.15 and 2.16. The YSZ degradation through
destabilization by P2O5 due to the consumption of the yttria stabilizer is a speculation only and
clearly warrants experimental evidence. On the other hand, P2O5 could also consume the
MCrAlY coatings by the acidic dissolution of the protective oxides (Al2O3 and Cr2O3) and the
consumption of the coating constituents through the accelerated oxidation of Ni and Co. This
also results in subsequent acidic dissolution of NiO and CoO.

ZrO2 (Y2O3)(s) (basic) + P2O5(l) (acidic) → YPO4(s) + ZrO2(s) (monoclinic)

Eq. 2.15

ZrO2 (Y2O3)(s) (basic) + P2O5(l) (acidic) → ZrP2O7(s) + ZrO2(s) (t or f)

Eq. 2.16

As mentioned earlier, S can possibly form corrosive deposits such as Na2SO4, K2SO4 and
CaSO4 on turbine components. Hot corrosion of superalloys and MCrAlY overlay coatings due
to sulfate deposits and S-rich oxidizing environment (SO2, SO3 gases) have been extensively
studied. However, studies on the YSZ degradation due to Na2SO4 showed only a minimal
interaction despite the long-term exposure [42]. YSZ destabilization could occur through
formation of Y2(SO4)3 as represented in Eq. 2.17. Besides, in order to maintain a molten sulfate
salt on the TBC surface, a minimum SO3 partial pressure ( p SO3 ) of 10-4 atm is required at
temperatures above 700°C.
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ZrO2 (Y2O3)(s) (basic) + 3 SO3(l) (in Na2SO4(l)) → Y2(SO4)3 (s) + m-ZrO2(s)

Eq. 2.17

MCrAlY (M = Ni and Co) coatings can suffer accelerated oxidation and sulfation of
transient oxides such as NiO and CoO when exposed to a Na2SO4 salt film in the presence of
SO2/SO3 gases. In superalloys, hot corrosion mechanisms affecting the protective oxide growth
kinetics as well as oxide scale constituents due to the significant formation of NiSO4 and CoSO4
and their subsequent dissolution in the Na2SO4 melt has been widely accepted. Hot corrosion is
often classified into two forms of degradation, ―Type I‖ (high temperature hot corrosion –
HTHC) and ―Type II‖ (low temperature hot corrosion – LTHC). Type I hot corrosion typically
occurs in the temperature range of 850°C – 950°C, where the molten sulfate salt (Na2SO4 in most
cases) dissolves the protective oxide and results in accelerated oxidation. Type II hot corrosion,
which has been mainly observed to occur in the temperature range of 650°C - 800°C and that
results in localized pitting of superalloys is due to formation of NiSO4-Na2SO4 or CoSO4Na2SO4 eutectic. For type II hot corrosion, a relatively higher p SO3 is required in comparison to
Type I hot corrosion. A schematic representation illustrating the dominant degradation
mechanisms at various temperatures is shown in Fig. 2.12.
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Figure 2.: A schematic illustration of dominant degradation mechanisms (Type I and II hot
corrosion mechanisms and oxidation) at various temperatures.

An extensive review on hot corrosion mechanisms by Rapp presents the compiled data
for solubilities of critical oxides (Cr2O3, Al2O3, SiO2, NiO, CoO) in a Na2SO4 melt as a function
of melt basicity ( a Na2 O ) [1, 8]. As shown in Fig. 2.13, a very high melt acidity ( a SO3 ) is
required to dissolve protective oxides such as Al2O3 or Cr2O3. Fortunately, these protective
oxides exhibit only minima in their solubilities at a typical p SO3 that is achieved in a real engine
operation. This has been reported as the protection mechanism by which, MCrAlY coatings that
readily form Al2O3 and/or Cr2O3 are resistant to hot corrosion during high temperature
applications.
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Figure 2.: Measured solubilities of various oxides in pure Na2SO4 at 1200 K [1].
In order to trap the common fuel impurities such as S and V, it has been a common
practice to employ MgO inhibitors. MgO readily traps S and V, and forms MgSO4 and Mg3V2O8.
However, presence of Na and Ca in the fuel would tend to disturb the trapping mechanisms
resulting in deposition of vanadates and sulfates of sodium as well as calcium on turbine
components.
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2.3.2. Degradation of TBCs by CMAS Sand Deposits
Because of the ever increasing demand to raise the TIT for improved power generation
efficiency, issues that were envisioned as potential threats for TBCs have become real challenges
in current-generation combustion turbines. Ingestion of CMAS (calcium-magnesium alumino
silicate) sand deposits in to gas turbine engines is one such issue. TBCs are increasingly
susceptible to degradation by molten CMAS in gas turbine engines, especially in aircraft
engines, which operate in a dust-laden environment wherein ingestion of siliceous debris into
engines has been commonly reported [29]. Such airborne deposits like CMAS were reported to
melt, adhere and ingress into TBCs above 1150°C, and subsequently degrade the TBCs via
ingression and repeated freeze-thaw action as well as direct chemical reaction with the TBC
constituents [30]. TBC failure due to CMAS attack on a turbine airfoil of an aero-engine is
presented in Fig. 2.14.

Figure 2.: EBPVD TBC failure on a turbine airfoil due to air-ingested CMAS deposit: (a)
Macrograph showing significant TBC spallation, (b) SEM micrograph showing surface
morphology of spalled surface revealing amorphous CMAS deposit [103].
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The thermomechanical damage mechanism has been investigated as a dominant
degradation mechanism, since a sufficient stress is generated in the coating due to infiltration of
molten CMAS that solidifies upon cooling during thermal cycling. A cold shock delamination
mechanism with a critical CMAS penetration depth of 30 μm in columnar EBPVD YSZ is
required for TBC spallation to occur [103]. Repeated shock of infiltrated regions could cause
large area spalls due to sequential material removal.
Additional damage mechanisms associated with the thermochemical interaction between
molten CMAS and TBCs have been reported recently [30]. In general, the degradation
mechanisms involve dissolution of the YSZ by CMAS melt, followed by reprecipitation of ZrO2
with a composition and microstructure based on the local melt chemistry [30]. Reprecipitated
ZrO2 was found to be predominantly yttria depleted monoclinic ZrO2. Thus the
thermomechanical and thermochemical interactions can accelerate the failure of TBCs and
underlying components by various deleterious mechanisms such as destabilization of YSZ
topcoat (ťtm+f), accelerated oxidation and hot corrosion of the underlying metallic bond
coat and superalloy substrate. Even though the dissolution of the TGO by CMAS is expected to
occur, a thorough understanding of degradation of the bond coat by the CMAS deposit is
mandatory.
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2.4. Mitigation Approaches to Protect TBCs from Molten Deposit Attack
In order to protect TBCs from both themomechanical and thermochemical degradation of
molten deposits, melt ingression into the porous TBC topcoat must be suppressed. Various
studies have attempted to mitigate the melt ingression by surface sealing of the YSZ topcoat
[43], or by employing inert (e.g., mullite, alumina and calcium silicate) environmental barrier
layers fabricated by APS and EB-PVD [44, 45] Modifying the YSZ topcoat chemistry was also
studied to a great extent. Zirconia stabilized with novel stabilizers such as YTaO4, Ta2O5, CeO2,
Sc2O3 and In2O3 were thoroughly studied as an alternate to YSZ-based TBCs towards
development of novel TBCs with superior resistance against environmental degradation [46-50].
Recently, zirconate pyrochlores such as La2Zr2O7 and Gd2Zr2O7 received greater attention due to
their promising resistance against CMAS attack [49-52].
Promising approaches to mitigate molten deposit attack of TBCs can be categorized as:


employing an impermeable surface coating for TBCs that can act as an inert barrier
between molten deposit and TBC [104];



utilizing a sacrificial overlay that can trap deposit melt through chemical interactions,
which could potentially result in increased melting temperature and viscosity of
deposit melt [105] – a method examined in this study [56-58];



surface sealing of the YSZ topcoat [43]; and



modifying the YSZ topcoat chemistry [45-50].
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2.4.1. Surface Sealing Treatments for YSZ-based TBCs
Efforts are carried out to seal the surface of plasma sprayed TBCs by various sealing
treatments such as laser glazing or employing various ―seal-coats‖ in order to prevent penetration
of a corrosive melt through the interconnected pores and cracks of the YSZ TBCs [43]. Laser
glazing typically results in remelting and subsequent solidification of the YSZ surface yielding a
denser top layer with a new microstructure with reduced surface roughness. However, formation
of extensive cracks perpendicular to the surface near the pore-free top layer could not be
avoided. Surface morphology showing the modified surface microstructure due to laser glazing
of the YSZ TBCs are presented in Fig. 2.15.

Figure 2.: Secondary electron micrographs revealing the modification of YSZ surface
morphology due to laser glazing sealing treatment; (a) as-sprayed, (b) laser-glazed with CO2
laser and (c) laser-glazed with Nd-YAG laser [43].

Zaplatynsky et al. had studied the effect of laser glazing in lifetime improvement of
8YSZ TBCs [106]. A four fold increase in lifetime was observed when TBCs were tested for hot
corrosion in a burner rig testing. On the other hand, another study reported the lifetime to be
worse than as-sprayed TBCs, which was attributed to the rapid ingression of molten sulfate
during hot corrosion testing through the perpendicular crack network in the laser-glazed TBCs.
50

Batista et al. reported that laser-glazed TBCs were not efficient to provide resistance against
molten salt attack, but helped reduce the degradation rate due to the denser microstructure of the
TBC [43]. From another work by Ahmaniemi et al., a superior strain tolerance and erosion
resistance of laser-glazed TBCs was observed even though their hot corrosion resistance was not
significantly improved in comparison to as-sprayed TBCs [107]. In addition to such surface
processing techniques, sealing the TBC surface by phosphate based sealants has also been
attempted. Strengthening of the coating structure with improved erosion resistance was achieved
but such ―seal-coat‖ based modification also limits the use of modified TBCs at elevated
temperatures because of the challenges with phase stability.
2.4.2. Corrosion-Resistant Stabilizers for ZrO2 TBCs
Zirconia itself has an excellent resistance to hot corrosion attack by S or V rich corrosive
compounds. However, during hot corrosion by sulfates and vanadates, the degradation reactions
of stabilized ZrO2-based TBCs typical involve a direct reaction of the stabilizers such as Y2O3,
MgO and CaO to form respective sulfates and vanadates, e.g., YVO4, Mg3V2O8, Y2(SO4)3,
MgSO4, CaSO4. Hence, zirconia stabilized with a more corrosion-resistant stabilizer has been
believed to be a promising solution. CeO2 [40, 47], Sc2O3 [48], In2O3, Yb2O3, Ta2O5 and YTaO4
[46] are examples of such stabilizers that were investigated extensively [28].
Sc2O3 and In2O3 are less basic than Y2O3 and thus could be more corrosion-resistant
against acidic corrosive species. Chemical studies confirmed that as pure oxides, Sc2O3 and
In2O3 are more resistant to molten vanadates or SO3-Na2SO4 in comparison to Y2O3, with the
order of resistance identified as In2O3 > Sc2O3 > Y2O3, MgO [28]. However, in addition to
corrosion resistance, the critical characteristic of these stabilizers is their stabilizing ability. A
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thorough understanding of the stabilizing ability for these stabilizers on ZrO2-based ceramics
does not exist. Sasaki et al. have ranked Sc2O3 and In2O3 as less effective in stabilizing ZrO2 in
comparison to Y2O3. On the other hand, Jones demonstrated a better stabilizing ability of Sc2O3
in addition to the superior hot corrosion resistance of Sc2O3-ZrO2 APS TBCs. Ceria stabilized
zirconia (CSZ) on the other hand was found to be more tolerant in terms of thermochemical
interaction by molten vanadates and sulfates of sodium [47]. However, destabilization of CSZ
(tm+f) without the formation of CeVO4 by vanadate melt was also identified by other
researchers. This was reported to be a result of mineralization effect on CSZ ceramics, where
even with the absence of a direct chemical interaction, the vanadate melt destabilized the
metastable ZrO2 phase to room-temperature equilibrium phases (m+f). In contrast, CSZ was also
found to completely suffer destabilization through formation of CeVO4 in the presence of high
activity V-rich melts such as V2O5. Another study on YTaO4 and Ta2O5 stabilized ZrO2
demonstrated that YTaO4 based TBCs are more resistant to acidic attack (V2O5-rich) compared
to the YSZ TBCs [46]. However, both YTaO4 and Ta2O5 are more prone to reaction by basic
oxides such as Na2O to form NaTaO3 and thus are not suitable in preventing m-ZrO2 formation
when used as stabilizers for versatile corrosion-resistant applications.
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2.4.3. Novel Topcoat Materials
Progress in finding an alternate material for TBC topcoat applications has been steady.
The primary motivation for an alternate topcoat has been the desire to employ a low-κ TBC that
can facilitate a higher TIT for a better engine efficiency. Obviously other numerous refractory
materials of various crystal structures have been explored. By using insights from crystal
chemistry and atomistic simulation, the search has been made more efficient. Many different
oxides with various crystal structures such as fluorite and pyrochlore structures have been
studied. Pyrochlores with a stoichiometry, A2B2O7 (A=Y, Nd, Gd, La, Sm and B=Zr, Ti, Mo)
possess low thermal conductivity compared to the YSZ [49]. The pyrochlore unit cell can be
viewed as eight fluorite unit cells, each of which contains on average a single oxygen vacancy.
The close relationship between fluorite and pyrochlore structures can be understood by
considering Y2Zr2O7 pyrochlore and (ZrO2)2-Y2O3 fluorite structures. Y2Zr2O7 is unstable to the
disordered fluorite (ZrO2)2-Y2O3 [108]. On the other hand, replacing Y3+ ions with larger cations
such as La3+ and Ga3+ results in a stable pyrochlore structure up to 1500°C. Similarly, replacing
Zr4+ by smaller cations such as Ti4+ or Mo4+ can also stabilize the pyrochlore structure [108].
These pyrochlore structured refractory compounds have lower thermal conductivity than YSZ. A
contour map, simulated at 1200°C, illustrating the reduced thermal conductivity (κ) as a function
of cationic radii (A and B) of A2B2O7 structured compounds, is shown in Fig. 2.16.
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Figure 2.: Simulated contour map of thermal conductivity as a function of ionic radii of A and B
for pyrochlore (A2B2O7) structured compounds [108].
Besides the beneficial low thermal conductivity, rare-earth zirconates (REZs), A2Zr2O7,
where A = LaGd, have gained substantial interest because of their excellent thermal stability
up to 1550°C for Gd2Zr2O7 and up to 2300°C for La2Zr2O7. Challenges with high temperature
thermal stability of YSZ due to the phase transformation of ť ZrO2 to t ZrO2 and subsequently to
m and f ZrO2 phases during long term aging has been limiting the temperature capability of
TBCs. Such issues would be resolved with advanced TBCs employing these alternate low k
topcoats having superior thermal stability. Interestingly, REZs were also identified to be more
resistant to CMAS attack. For example, Kramer et al., reported that Gd2Zr2O7 TBCs produced by
EBPVD technique to be more tolerant to CMAS attack [51]. The improved tolerance to CMAS
attack was attributed to the spontaneous formation of crystalline apatite phase Gd8Ca2(SiO4)6O2
and fluorite ZrO2 with Ca and Gd in solid solution during dissolution of Gd2Zr2O7 by the CMAS
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melt. The crystalline apatite phase formation was found to increase the viscosity of the CMAS
melt and seal the open channels that are available for CMAS melt to ingress. Similar
thermochemical interactions could be expected for other REZs when exposed to CMAS melt. On
the other hand, a comparison study of the YSZ and La2Zr2O7 (LZ) for the hot corrosion
resistance against V and S containing compounds revealed La2Zr2O7 to be worse in a S-rich
environment [109]. Even though vanadate attack was minimal with the evident formation of
LaVO4, sulfates were found to degrade the LZ coatings by a significant consumption of coating
constituents. Thus, REZs as alternate to the YSZ in a corrosive combustion environment need
more careful investigation. Moreover, REZs were found to possess a significant thermal
expansion mismatch with the bond coat and TGO (α Al2O3) and this poses a durability issue.
Continuous efforts to employ such low κ, CMAS resistant pyrochlores as a TBC topcoat led to
the evolution of a double-ceramic layer (DCL) TBCs, where the REZ of desired thickness acts as
topcoat with a YSZ layer sandwiched between the topcoat and metallic bond coat [110, 111].
Novel TBCs based on DCL LZ/YSZ showed an improved thermal cyclic lifetime compared to
the individual YSZ or LZ based TBCs. DCL coatings with a composition gradient that facilitates
the lowering of the stress due to thermal expansion mismatch would be a more promising
alternate for TBC applications.
Another study towards finding a promising materials solution for CMAS attack by Aygun
et al. led to the development of novel TBCs with improved solid solubility processed by solution
precursor plasma spraying (SPPS) [50]. Alumina has been reported to be a potential inhibitor for
CMAS attack, where CMAS melt in contact with alumina becomes enriched with Al content due
to the spontaneous dissolution of alumina. With an increased Al content, the CMAS has been
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reported to crystallize out as anorthite crystals (CaAl2Si2O8) [50]. Thus, the YSZ based TBCs
with alumina in solid solution was considered to be a potential materials solution. In order to
obtain the YSZ with extended alumina solid solubility, a modified plasma spraying process that
employs solution precursor (SPPS), instead of powder particle, was employed. YSZ with 20
mol.% Al2O3 and 5 mol.% TiO2 were achieved as a TBC topcoat. This novel TBC was found to
possess excellent resistance to molten CMAS attack because the crystallization of the CMAS
melt to anorthite phase readily occurred due to the increased Al content in the CMAS. A
schematic illustration showing the arrest of CMAS melt by these novel TBCs is shown in Fig.
2.17. Thus, various attempts to find an ideal materials solution for resistance against the molten
deposit attack of TBCs are still in progress.

Figure 2.: A schematic illustration of a proposed mechanism for mitigation of CMAS-attack by
novel SPPS processed TBCs [50].
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2.4.4. Impermeable and/or Sacrificial Oxide Overlay for the YSZ TBCs
Various novel ideas to protect the YSZ TBCs from molten deposit attack have been
patented numerously. Protecting TBCs by applying either an impermeable non-wetting
ceramic/metallic (Pt) barrier on TBCs or a sacrificial oxide that can react with molten deposit
and further crystallize the melt into compounds having higher melting temperature, have been
patented by Hasz et al [104, 105]. The patent by Nagaraj et al. [112] demonstrated the ability of a
multilayer overlay composed of Al2O3 as sacrificial oxide and Pt group metal as impermeable
layer to protect TBCs from CMAS attack. In another study, various APS environmental barrier
layers composed of mullite (3Al2O3·2SiO2), BAS (BaO.Al2O3·2SiO2) and calcium silicate
(1.8CaO·SiO2) have also been evaluated for hot corrosion resistant for APS TBC applications
[45]. Mullite and BAS showed a potential to limit the ingression of sulfate salt. TBCs with
mullite or BAS environmental barrier demonstrated similar thermal cyclic durability as that of
the standard YSZ TBCs. Alumina as an environmental barrier was also investigated for APS
TBCs by Chen et al. A 25 μm thick dense alumina overlay processed by EB-PVD on APS YSZ
TBCs was found to suppress molten salt (Na2SO4, V2O5) infiltration by acting as a dense barrier.
Even though a complete protection was not provided, degradation rate was reduced and Al2O3
was also found to degrade by the formation of a low-melting liquid phase during exposure to the
molten mixture of sulfate and vanadate.
As discussed above, various novel approaches have been examined in order to provide a
promising materials solution for protection of TBCs against molten deposit attack. One obvious
cost-effective solution would be to employ a barrier overlay that can act as impermeable and/or
sacrificial oxide. Patents by Hasz et al., identified no processing method as an effective, scale57

up-ready technique to fabricate an environmental barrier of the desired density and thickness. In
this doctoral study, electrophoretic deposition (EPD), which has the potential to fabricate
ceramic coatings of controlled thickness and density, is explored. EPD is a versatile, scale-upready processing technique that can fabricate overlay ceramic layers of thickness ranging from
10 μm to 100 μm within minutes. EPD requires a thermal densification step that is typically
performed to sinter the deposited power compact without any pressure. A thorough review of the
EPD process, influencing process parameters and capability of EPD to fabricate ceramic coatings
of any chemistry is presented in the following section.
2.5. Electrophoretic Deposition of Ceramic Coatings
EPD is primarily a two-step process: electrophoresis, where charged particles (neutral
particles adsorbed by charged species) move under the influence of an electric field; and
deposition, which is the coagulation of particles to a dense compact mass. Two set of parameters
that determine the characteristics of the EPD process are (i) those related to the suspension and
(ii) those related to the deposition process [113]. In order to obtain a crack-free homogeneous
deposit, a stable colloidal suspension is required. Desired characteristics for a stable suspension
are low viscosity, high dielectric constant, and low conductivity [113]. For the EPD of ceramics,
organic solvent based suspensions are typically used rather than aqueous suspensions, because of
the low conductivity, higher density and good chemical stability. Even though the lower
dielectric constant of organic solvents limits the charge density on particles due to the lower
dissociation ability, a higher field strength can be applied [114]. An aqueous suspension with
applied high field strength imposes difficulties due to electrolytic gas evolution, joule heating
and electrochemical attack. The Zeta potential of particles is a critical EPD parameter that
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determines the suspension stability. The Zeta potential is the measure of potential difference
between the particle surface and the shear plane formed by the adsorbed ions. Since the Zeta
potential is closely related to the double layer thickness of the particle, agglomeration of particles
in the suspension can be explained by the Zeta potential. [114]. In general, the higher the
absolute value of the measured Zeta potential, the better is the dispersion of particles in the
suspension. Particle size also has a profound influence on the stability of the EPD suspension. It
is difficult to obtain a uniform deposit from a sedimenting suspension containing large particles.
In an ideal colloidal suspension, sub-micron sized particles would tend to remain suspended for a
long duration due to Brownian motion. In general, particles larger than 1 μm in size require a
continuous hydrodynamic agitation to remain in suspension. The solid loading is another critical
parameter, which also affects the viscosity of the suspension.
In order to fabricate a crack-free dense protective ceramic layer, controlling the asdeposited green compact thickness is mandatory. Deposition time is one of the process
parameters that needs to be optimized in order to obtain a green compact of controlled thickness.
Deposition rate is typically constant during the early stage of EPD. However, the formation of an
insulating ceramic compact on the electrode surface during EPD, which affects the electric field
generated from the constant voltage applied between electrodes, would eventually reduce the
deposition rate. Applied voltage is another process parameter that needs to be controlled. In
general, deposition rate tends to increase with an increase in applied voltage. However, at a
higher applied voltage that might cause turbulence in the suspension, particles might not find
enough time for lateral movement after depositing on the electrode surface to form a closepacked structure. It was found that more uniform films are deposited at a moderate applied
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voltage (25 to 100 V/cm). It is quite evident that the quality of deposit and kinetics of EPD is
highly dependant on numerous parameters. In general, a well-dispersed stable suspension will
yield a better deposition. Process parameters such as applied voltage, deposition time and
particle concentration in the suspension are few of the most influencing parameters of the EPD
process. To obtain a dense ceramic layer by EPD, the drying and subsequent sintering steps
should also be carefully performed. Extensive reviews of the EPD process by Besra et al. and
Vander Biest et al., clearly explain the EPD process and also list the critical process variables in
order to obtain a ceramic coating of desired quality [113, 114].
The EPD process requires a post densification step in order to obtain the ceramic coating
of desired porosity. A completely dense coating is achievable by carefully controlling the
thickness and sintering conditions. The EPD process was studied to process YSZ TBCs by Van
der Biest et al., where a stable YSZ nanopowder suspension was used to obtain a 300 μm thick
TBC by EPD accompanied by a hybrid microwave sintering densification step [116]. Even
though a low thermal conductivity of 0.8 W/mK was reported for EPD TBCs, the thermal
stability of the YSZ coating and its durability was not explored in detail. EPD of YSZ coatings
was extensively studied primarily for solid oxide fuel cell (SOFC) applications [117]. A dense
YSZ coating was obtained by EPD of YSZ powders (51 – 65 nm) followed by sintering at
1300°C for 3 h on a porous strontium doped lanthanum manganite (LSM) substrate as shown in
Fig. 2.18.
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Figure 2.: Secondary electron micrographs of the YSZ coating on a LSM substrate obtained by
EPD followed by sintering at 1300°C for 3 h: (a) surface morphology and (b) cross-sectional
microstructure [117].

The EPD process, being a versatile technique, has been greatly explored for fabricating
coatings and structures of various materials [118, 119]. Some of the commonly used aqueous and
organic solvents as colloidal suspension medium are listed in Table 2.1. EPD has also been
studied for codeposition of two or more oxides by controlling the solid content of each oxide
powders in the colloidal suspension [120]. Deposition kinetics of the individual oxides depend
on various characteristics, such as particle size and Zeta potential [121]. Further, by modifying
the concentration of individual oxides during the EPD process, functionally gradiented coatings
can also be obtained.
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Table 2.: Various solvents used in EPD processing of different materials.
Deposited Material

Solvent Medium

Al2O3, Al2O3/ZrO2

Water [122]

YSZ

Acetone [119]

YSZ

Acetone-Ethanol [119]

YSZ

Acetylacetone [118]

YSZ

Cyclohexane [123]

Hydroxyapatite (HAP)

Isopropanol [124]

Al2O3, ZrO2

Ethanol [57]

Al2O3, MgO

Acetone-Ethanol [56]

CeO2, SnO2, CaSiO3

Ethanol-Water [125]

MgO, Al2O3

Ethanol-Acetylacetone [126]
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CHAPTER 3: EXPERIMENTAL DETAILS
3.1. Air Plasma Sprayed Free Standing YSZ and CoNiCrAlY Coatings
In order to investigate the individual thermochemical degradation of TBC coating
constituents by various molten deposits, free standing air plasma sprayed YSZ and CoNiCrAlY
coatings were prepared in this study. An in-house thermal spray facility at UCF was employed to
produce the free standing coatings. For APS YSZ coating, 8 YSZ powders (ZRO-182,
agglomerated and sintered, Praxair Inc., Danbury, CT, USA); zirconia stabilized with 8 wt.%
yttria, with average particle size of 106 μm were thermally sprayed on grit blasted graphite
substrates. A Sulzer Metco F4 MB plasma gun (Sulzer Metco (US) Inc., Westbury, NY, USA)
was used. A spraying current of 675 A at a stand-off distance of 100 mm, with a primary gas Ar
flow of 100 SCFH (standard cubic feet per hour), a secondary gas H2 flow of 20 SCFH and a
carrier gas Ar flow of 8 SCFH were employed as the processing conditions. The graphite
substrate was subsequently burnt off by heat-treating the APS specimen (YSZ on graphite) at
900°C for 1 h, which yielded the free standing YSZ coatings.
Using a similar APS processing technique, free standing metallic CoNiCrAlY coatings
were produced. These coatings are commonly used as a bond coat material in TBCs and overlay
oxidation/hot corrosion resistant coatings in high temperature applications. CoNiCrAlY coatings
were thermally sprayed with the same plasma gun on graphite substrates using CoNiCrAlY
powders (CO-159, Praxair Inc, Danbury, CT, USA) with composition of 38.5 wt.% Co, 32 wt.%
Ni, 21 wt.% Cr, 8 wt.% Al, and 0.5 wt.% Y and average particle size of 75 μm. A spraying
current of 675 A with a primary gas Ar flow of 120 SCFH, a secondary gas H2 flow of 18 SCFH
and a carrier gas Ar flow of 8 SCFH at a stand-off distance of 100 mm were employed.
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Subsequent heat-treating yielded the free standing CoNiCrAlY coatings. Figure 3.1 shows the
macrographs of as-sprayed free standing coatings. APS process parameters employed in this
study are also reported in Table 3.1. The YSZ and CoNiCrAlY coatings were used extensively
throughout this study for a thorough investigation of thermochemical degradation due to
aggressive molten deposits. The CoNiCrAlY coatings were also initially pre-oxidized at 1100°C
for 50 h to have a coating microstructure with internal oxidation and appreciably thick TGO
scale on the surface that is likely to be exposed to such molten deposits in a real engine
operation.

Figure 3.: Macrographs of free standing APS YSZ and CoNiCrAlY coatings.

Table 3.: List of APS process parameters employed to fabricate free standing coatings.

Coating
Type
YSZ
(ZRO-182)
CoNiCrAlY
(CO-159)

Plasma
Gun
Sulzer
Metco
F4 MB
Sulzer
Metco
F4 MB

Spraying
Current
(A)

Primary
Gas (Ar )
Flowrate
(SCFH)

Secondary
Gas (H2)
Flowrate
(SCFH)

Carrier Gas
(Ar)
Flowrate
(SCFH)

Stand-off
Distance
(mm)

675

100

20

8

100

675

120

18

8

100
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3.2. High Temperature Isothermal Exposure to Molten Deposits
High temperature isothermal testing in dry air was performed to study the individual
degradation reaction mechanisms of the YSZ and CoNiCrAlY coatings when exposed to
corrosive compounds containing vanadium, phosphorus, sodium, calcium and sulfur at elevated
temperatures. The reactions with each compound were isolated, thereby eliminating mixed
interactions and combined effects. Although in practice such mixed interactions may enhance or
inhibit the hot corrosion attack, the objective in this work was to study the degradation
mechanisms of the YSZ and CoNiCrAlY by different types of species in isolation. One major
part of this study focused on investigating the thermochemical interactions between APS
coatings and CMAS sand deposit. Experimental details of such molten deposit exposure testing
(hot corrosion and CMAS testing) are described below.
3.2.1. Hot Corrosion Testing of Free Standing YSZ and CoNiCrAlY
Low-quality alternate fuel containing significant levels of elemental impurities such as
vanadium, sodium, calcium, phosphorus and sulfur can form highly corrosive compounds that
deposit on hot-section components of gas turbine engines. For hot corrosion testing, coating
specimens (1cm x 1 cm) were sectioned from the as-sprayed free-standing YSZ and CoNiCrAlY.
These specimens, in contact with different corrosive impurities of high purity, namely V2O5,
P2O5, Na2SO4, Na2SO4 + V2O5 mixture (50 – 50 mol.%), NaVO3 and CaSO4 were subjected to
isothermal heat-treatment. The testing temperature ranged between 200°C and 1200°C for up to
5 hours. During each test, samples with the corrosive deposit of interest at a specific
concentration were loaded into the furnace that was preheated to the test temperature. At the end
of each test, samples were removed and subjected to air-quench. All tests were performed in air
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using a Thermolyne 46100 muffle furnace (1700°C max) shown in Fig. 3.2. Details of molten
deposit testing and the potential source of corrosive compounds are listed in Table 3.2. Emphasis
was given to test temperatures close to the melting point of the contaminant in order to
thoroughly investigate the thermochemical interactions with YSZ and CoNiCrAlY without
vaporizing the corrosive species.

Figure 3.: Experimental tools used for high temperature molten deposit testing of the freestanding YSZ and CoNiCrAlY.

During each run of the hot corrosion testing, the contaminant of interest in the form of
powder was spread uniformly over the as-sprayed free standing YSZ specimen surface at a
concentration of 20 mg/cm2. In addition, Na2SO4 was applied at even higher concentrations such
as 30 mg/cm2 and 50 mg/cm2 because of its inert nature during testing with the YSZ.
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Table 3.: Details of the high temperature molten deposit tests carried out in this study.
Contaminant and
Testing Environment
Temperature
Contaminant
Material
Enclosed
Range
Source
Corrosive
Air in quartz
Compounds
capsule
V2O5 -Vanadium
V2O5
700°C to 1000°C

from fuel.

APS YSZ

APS
CoNiCrAlY
(As-Sprayed
and PreOxidized)

P2O5



Na2SO4



200°C to 1000°C
900°C to 1100°C



Na2SO4 +
V2O5



600°C to 1000°C

CMAS



1200° to 1350°C

V2O5



700°C to 1000°C

P2O5



200°C to 1000°C

Na2SO4



CaSO4



700°C to 1100°C

NaVO3



700°C to 1000°C

CMAS



1250°C

700°C to 1000°C



P2O5 - Phosphorus
from fuel.
Na2SO4 - Sodium
and sulfur from
fuel.
CMAS
ingested sand.

Air

Na2SO4+V2O5 (or
NaVO3) - Eutectic
mixture
having
lower
melting
point.
CaSO4 - Sulfur
from fuel and Ca
from ash.

A simple schematic showing the molten deposit testing of APS coatings is shown in Fig.
3.3. It is worth mentioning that Na2SO4 + V2O5 mixture was made for this study to examine the
effects of the vanadates of sodium on the YSZ. This was performed by selecting a specific
composition of 50 – 50 mol.% of Na2SO4 and V2O5, and melting the mixture at 1000°C. This
molten mixture was then quenched to obtain vanadates of sodium predominantly consisting of
sodium metavanadate (NaVO3). This vanadate salt was used to study the effect of Na2SO4 +
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V2O5 mixture. An equilibrium phase diagram of V2O5-Na2SO4 system [127] along with the
selected composition (shaded) is presented in Fig. 3.4.

Figure 3.: A simple schematic representation of hot corrosion testing of APS coatings.

Figure 3.: Equilibrium phase diagram of the V2O5 – Na2SO4 system and the selected composition
of mixture for this study (shaded) [127].
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In the case of CoNiCrAlY studies, both as-sprayed and pre-oxidized specimens were
subjected to the corrosive deposits listed in Table 3.2 through a similar testing procedure. Tests
involving sulfate deposits (Na2SO4) were performed in an enclosed quartz capsule in order to
trap the SO2/SO3 gas during dissociation of Na2SO4, and maintain a molten salt film on the
specimen throughout the test duration. Sulfate salt coated specimens were inserted in quartz
capsules, which were subsequently evacuated using a high vacuum system shown in Fig. 3.2.
Based on the partial pressure of SOx (SO2, SO3) resulting from the high-temperature dissociation
of applied Na2SO4 salt, quartz capsules were refilled with the desired amount of oxygen in order
to achieve 1 atm pressure at test temperature and loaded into a tube furnace (Lindberg Blue 3zone tube furnace). It should be noted that the excess concentrations of contaminants were
chosen primarily to examine the mechanisms of degradation at an accelerated rate, and not to
simulate the actual condition that turbine blades with TBCs may be exposed to.

3.2.2. High Temperature CMAS Deposit Testing of Free Standing YSZ and CoNiCrAlY
Air ingested CMAS sand deposits have been identified as a critical threat to the durability
of TBCs. A detailed investigation on the degradation of YSZ and CoNiCrAlY by a laboratorysynthesized CMAS deposit was carried out. Based on the average composition reported for
deposits on aircraft turboshaft shrouds operated in a desert environment [29, 30], the laboratorysynthesized CMAS used in this study had a chemical composition of 35 CaO – 10 MgO – 7
Al2O3 – 48 SiO2 that can be referred as C35M10A7S48 (composition in mole percent). This CMAS
was prepared by mechanically milling the individual oxides of high purity in a SPEX shaker mill
(SPEX CretPrep, Metuchen, NJ) for 1 hour at room temperature, which yielded completely
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amorphous CMAS deposits. The APS YSZ and CoNiCrAlY coating specimens of known
dimensions were deposited with as-milled CMAS powders at a concentration of 20 mg/cm2. The
YSZ and CoNiCrAlY specimens in contact with CMAS were subjected to isothermal heattreatment using a Thermolyne 46100 muffle furnace at temperatures ranging from 1200°C to
1350°C for up to 4 hours.
The molten deposit tests were carried out with the deposit of interest spread uniformly on
the YSZ surface at the desired concentration in the form of a powder. In cases where these
deposits could not be applied in the form of powder, e.g. tests in enclosed quartz capsule, water
based suspension, in case of insoluble compounds, or an aqueous solution of soluble salts, such
as sulfates, was used to apply the corrosive compound by spraying on heated specimens. After
the testing, specimens were thoroughly analyzed for melt penetration, reaction product
identification and degradation mechanisms.

3.3. Microstructural Investigation of YSZ and CoNiCrAlY Specimens
After a careful visual inspection, tested specimens were thoroughly examined by
materials characterization tools (at Materials Characterization Facility (MCF), UCF) for
microstructural analysis and phase identification. Characterization tools at UCF MCF that were
extensively employed in this study are shown in Fig. 3.5. X-ray diffraction (XRD) studies were
performed on the hot corrosion and CMAS tested samples to examine the development of
constituent phases. This was performed by using a Rigaku D-Max B Diffractometer (Tokyo,
Japan) with Cu Kα radiation. XRD patterns after appropriate background correction were
indexed based on the available JCPDS resources using MDI Jade software. Surface and cross70

sectional microstructural analysis were carried out to examine the deposit penetration, reaction
products and degradation mechanisms by using JEOL 6400F field-emission scanning electron
microscope (FE-SEM) (Tokyo, Japan) and Hitachi S3500N scanning electron microscope (SEM)
(Tokyo, Japan), both equipped with an X-ray energy dispersive spectrometer (XEDS). For crosssectional microstructural characterization, specimens were embedded in epoxy resin and
metallographically prepared down to 0.25 μm using diamond paste. For microstructural analysis,
specimens tested for hot corrosion using sulfate deposits were prepared with organic solvent to
minimize the water exposure and preserve the soluble corrosion products for further analysis. For
SEM characterization, epoxy mounted cross-sectional specimens and as-tested surfaces were
coated with a thin Au-Pd (10 nm) film using an EMITECH K550 D.C. sputter coating system.
Backscattered and secondary electron imaging modes were extensively employed for
microstructural analysis by SEM. The FE-SEM utilized a cold cathode field emission electron
gun and has a resolution of 1.5 nm. Images were collected with a voltage ranging from 15 to 30
kV at a constant emission current of 8 μA. EDS spectra were also collected at regions of interest
for a qualitative/quantitative compositional analysis. Detailed microstructural investigation using
a Philips/FEI Tecnai F30 300KeV transmission electron microscope (TEM) (Hillsboro, OR,
USA), equipped with high angle annular dark field (HAADF) and XEDS was also performed to
examine the detailed reaction mechanisms and the phase constituents (e.g. phase transformations
and reactions) of the YSZ and CoNiCrAlY due to infiltration and degradation by molten
deposits.
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Figure 3.: Materials characterization tools employed in this study.

Sample preparation for TEM was performed by focused ion beam (FIB) in-situ lift-out
(INLO) using a FEI 200 TEM FIB (Hillsboro, OR, USA) through a procedure shown in Fig. 3.6.
Details of FIB-INLO can be found elsewhere. In the TEM study, selected area electron
diffraction analysis was extensively carried out on individual grains of interest for a complete
investigation to confirm the thermochemical interactions and phase evolution (phase
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transformation, reaction product identification) due to molten deposit degradation of the freestanding YSZ and CoNiCrAlY coatings.

Figure 3.: Sequential ion beam images from TEM specimen preparation by focused ion beam
(FIB) in-situ lift out (INLO) technique: : (a) Pt layer deposited at a site of specific interest; (b)
focused ion milling carried out to create a wedge-shaped specimen, (c) specimen welded to a W
omniprobe, and (d) lifted out, (e) Cu grid, (f) specimen welded to TEM grid, (g), (h) and (i)
thinned further for TEM analysis [84].

73

3.4. Environmental Barrier Overlay for TBCs by Electrophoretic Deposition (EPD)
In order to deposit a ceramic overlay of desired chemistry on the APS YSZ, the EPD
process was explored in this study. Various overlay coatings made of YSZ, Al2O3, MgO and an
Al2O3-MgO composite of desired thickness and porosity were produced with EPD followed by a
densification step, i.e., controlled sintering. APS YSZ coatings, thermally sprayed on graphite
substrates (1‖ diameter disks) as described in section 3.1 were directly deposited with overlay
ceramics by the EPD technique. During sintering, which is a critical densification step required
for EPD, the graphite substrates were burnt-off yielding free standing YSZ coatings with a
ceramic overlay.

3.4.1. Al2O3 Overlay for APS TBCs
In order to protect TBCs from CMAS attack, Al2O3 overlay coatings for APS YSZ were
processed by EPD, since CMAS was reported [50] to readily react with Al2O3 and crystallize out
as high melting phases that suppress further CMAS melt ingression. In order to deposit alumina
powders by the EPD process, a stable colloidal suspension of α-Al2O3 powders in an organic
solvent with additives was prepared. Al2O3 powders (α-Al2O3 powder, Metlab Corporation,
Niagara Falls, NY, USA) with particle size of 0.3 μm were dispersed in an acetone-ethanol
(Fisher Scientific, Pittsburgh, PA, USA) organic solvent mixture (volume ratio, 1:1) at a solid
loading of 10 g/l. Iodine (Fisher Scientific, Pittsburgh, PA, USA) at a concentration of 0.4 g/l
was used as an additive. This colloidal suspension was mechanically stirred for 10 minutes and
subsequently subjected to ultrasonication for 2 h to break down the particle agglomerates for a
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stable colloidal suspension of individually dispersed alumina particles. The EPD process requires
the working electrode (cathode) to have an electrically conducting surface, in order to apply a
uniform electric field for cathodic deposition. APS YSZ coatings on graphite disks were used as
the working electrodes, which were made electrically conductive by applying a thin Pt or Au-Pd
layer (~ 10 nm) using EMITECH K550 D.C. sputter coating system. The YSZ coated with
Pt/Au-Pd was used as a cathode and an inert graphite disk of the same surface area and geometry
was used as anode. The EPD cell was simply assembled by completely immersing the electrodes
in alumina colloidal suspension that had a constant hydrodynamic agitation using a magnetic
stirrer. The distance between cathode and anode was kept constant at 1 cm throughout this study.
A DC voltage of 30 V was applied between the cathode and anode for deposition durations up to
15 minutes using a Protek 3032B DC power supply. During EPD, positively charged α-Al2O3
powders in colloidal suspension drifted and deposited onto the electrically conductive APS YSZ
cathode. A simple schematic of the EPD cell is shown in Fig. 3.7, which also demonstrates the
particle deposition on cathode surface during cathodic deposition. The deposited powder
compact by EPD was dried at ambient atmosphere for 2 hours, and subjected to densification by
sintering. It should be noted that a controlled slow ramping rate during sintering is required in
order to densify the EPD powder compact and fabricate a dense adherent coating. Sintering was
performed at 1200°C for 10 h with a carefully controlled ramp-up and ramp-down rates of
2°C/min using a Thermolyne 46100 high temperature muffle furnace. A modified free-standing
YSZ coating assembly consisting of a 300 μm thick APS YSZ coating with a dense 25-50 μm
thick EPD alumina overlay coating was produced. The thickness of the EPD overlay was
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controlled by deposition time during EPD, where a 100 μm thick alumina coating was produced
with a deposition duration of 15 minutes.

Figure 3.: A schematic representation showing the assembly of electrophoretic deposition (EPD)
cell along with the mechanism of particle coagulation during cathodic deposition.

3.4.2. MgO Overlay for APS TBCs
MgO is a promising trap for corrosive compounds such as Na2SO4 and V2O5. For
deposition of MgO on APS YSZ coatings by EPD technique, a colloidal suspension of MgO
powders with an average particle size of 1 μm (Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA)
was prepared with the same colloidal bath chemistry as used for alumina deposition. The chosen
EPD processing parameters were a 25 V/cm applied voltage and a deposition time of 10 minutes.
MgO powder compact prepared by EPD was subsequently sintered at 1100 °C for 10 h with a
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carefully controlled ramp-up and ramp-down rates of 2°C/min. A free standing YSZ with MgO
overlay coating of 25-30 μm in thickness was obtained.

3.4.3. Al2O3-MgO composite Overlay for APS TBCs
With a motivation to protect the APS YSZ from CMAS as well as highly corrosive
sulfate and vanadate deposits, Al2O3-MgO composite overlay was also produced on APS YSZ.
Besides, thermal expansion mismatch between the YSZ and overlay ceramic coating may be a
critical characteristic, which would typically dictate the durability of such overlay coatings.
Since the YSZ has a coefficient of thermal expansion (CTE), ~ 10.5x10-6 /°C, alumina with ~
7x10-6 /°C and MgO with ~ 12.8x10-6 /°C, Al2O3-MgO composite would be a better candidate
as an overlay.
EPD of Al2O3-MgO composite overlay was produced by similar EPD processing route as
described for the case of Al2O3 or MgO overlays. A colloidal suspension of Al2O3 and MgO
powder mixture at a solid loading concentration of 10g/l (weight ratio, 1:1) was prepared with
the same colloidal bath chemistry as used for Al2O3 deposition. The chosen EPD processing
parameters were 30 V/cm applied voltage and a deposition time of 3-5 minutes. Al2O3-MgO
powder compact prepared by EPD was subsequently sintered at 1100°C for 5 h with a carefully
controlled ramp-up and ramp-down rates of 2°C/min. Free-standing YSZ with Al2O3-MgO
composite overlay coating of 25 to 50 μm in thickness was obtained.

77

3.4.4. YSZ Overlay for APS TBCs
In addition to the aforementioned overlay ceramic, it is obvious that a fully-dense YSZ
overlay could seal the porous APS YSZ surface and be a potential solution without any
challenges due to thermal expansion mismatch. In order to deposit YSZ powders by EPD
process, a stable colloidal suspension of the YSZ was prepared with the same colloidal bath
chemistry used for Al2O3 deposition. TZ-3Y powders (Tosoh Corporation, Tokyo, Japan), ZrO2
stabilized with 5.4 wt.% Y2O3 with an average particle size of 0.6 μm (crystallite size of 27 nm)
were dispersed in an acetone-ethanol organic solvent mixture. A DC voltage of 25 V/cm was
applied for deposition duration up to 10 minutes. Sintering was performed at two different
temperatures of 1300°C and 1350°C for 4 h with carefully controlled ramp-up and ramp-down
rates of 2°C/min using a Thermolyne 46100 high temperature muffle furnace. After sintering at
elevated temperatures, a free standing YSZ coating assembly consisting of 300 μm thick APS
YSZ coating with a dense 25-50 μm thick EPD YSZ overlay was produced.

3.5. Exposure of the free-standing APS YSZ with EPD Overlay to Molten Deposits
APS YSZ modified with various ceramic overlays, Al2O3, MgO, Al2O3-MgO composite
and YSZ were studied individually to demonstrate the beneficial effects of overlay ceramics in
protecting TBCs against molten deposit attack. APS YSZ specimens with Al2O3 and Al2O3-MgO
composite overlay in contact with laboratory synthesized CMAS deposit were isothermally
exposed to temperatures ranging from 1250°C to 1300°C for 1 h. Similarly, YSZ specimens with
MgO and Al2O3-MgO composite overlay in contact with V2O5 deposit were tested for hot
corrosion resistance at 800°C to 900°C for 1 h. After the testing, specimens were thoroughly
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characterized by XRD, SEM, EDS, FIB and TEM to document the beneficial effects and
mitigation mechanisms of overlay coatings in protecting APS TBCs against molten deposit
attack.
3.6. Durability Study of Commercial TBCs modified with EPD Overlay
In this study, Al2O3 and Al2O3-MgO composite overlay coatings demonstrated a great
potential in protecting APS TBCs from molten deposit attack. With due consideration for real
engine applications, the durability of the EPD Al2O3 overlay on a commercial TBC specimen
(8YSZ/CoNiCrAlY/IN738LC) was examined by furnace thermal cyclic testing using CM 1710
Rapid High Temperature Furnace. LPPS CoNiCrAlY coated IN738LC superalloy substrates
were used to produce commercial TBCs by thermally spraying 8YSZ powders using APS YSZ
process described in section 3.1. A 50 μm thick EPD Al2O3 overlay coating was deposited on
commercial-TBCs that were composed of 300 μm thick APS YSZ topcoat, 100 μm thick LPPS
CoNiCrAlY bond coat and IN738LC superalloy substrate. EPD processing of the ceramic
overlay on commercial TBCs employed the processing routes described in section 3.4.
Deposition durations were limited within 5 minutes in order to produce uniform overlay coatings
of 50 μm thickness. APS TBCs before and after deposition of ceramic overlay by EPD are shown
in Fig. 3.8.
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Figure 3.: Macrographs showing the as-processed commercial APS TBCs (APS YSZ/LPPS
CoNiCrAlY on IN738LC superalloy) and APS TBCs modified with EPD overlay.

The durability of these TBCs modified with ceramic overlay coatings were examined by
lifetime assessment through thermal cyclic testing at 1100°C. For furnace thermal cycling in air,
a CM 1710 Rapid High Temperature Furnace with bottom loading capability was employed,
where each thermal cycle consisted of 10 min heat-up to 1100°C, 60 min hold at 1100°C,
followed by 10 min forced-air-quench. Figure 3.9 shows the cyclic high temperature furnace
employed with a schematic illustrating the furnace operation during cyclic oxidation testing.
Thermal cyclic tests were performed until failure of TBC, defined by a minimum of 50% (area)
YSZ spallation. Adhesion and structural integrity of the EPD Al2O3 overlay was thoroughly
examined after failure of TBC by cross-sectional microstructural analysis using SEM.
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Figure 3.: CM 1710 Rapid High Temperature Furnace used for thermal cyclic tests and a
schematic illustration of cyclic oxidation testing.
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CHAPTER 4: RESULTS
4.1. As-sprayed Free-Standing APS YSZ and CoNiCrAlY Coatings
As-sprayed free-standing YSZ topcoat specimens were characterized for initial
microstructure and phase constituents. The initial phase constituent of YSZ specimens before
any hot corrosion treatment was examined by XRD as presented in Fig. 4.1. The as-sprayed YSZ
was found to exist as metastable tetragonal zirconia phase (ť – ZrO2), which is the desirable
phase for TBC applications. Cross-section of free standing APS YSZ showing a uniform
thickness of 300 μm is shown in Fig. 4.2. Backscattered electron micrograph of
metallographically prepared YSZ cross-section in Fig. 4.2(a) illustrates the typical porous
topcoat microstructure. Secondary electron micrograph of a fractured YSZ cross-section shown
in Fig. 4.2 (b) reveals the typical splat-quenched microstructure of APS YSZ with the columnar
grains within the splats.

Figure 4.: XRD pattern obtained from the as-sprayed free standing YSZ topcoat surface
confirming the phase constituent of YSZ as the ť-ZrO2.
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Figure 4.: Cross-sectional (a) backscattered electron micrograph showing the typical
microstructure of as-sprayed free standing YSZ topcoat with uniformly thick YSZ topcoat that
consists of (b) splat-quenched microstructure observed by secondary electron micrograph.

Free-standing APS CoNiCrAlY coatings were found to be uniformly thick with an
average thickness of 300 μm as seen in cross-sectional secondary electron micrograph presented
in Fig. 4.3(a). Surface morphology revealing the typical splat microstructure resulted from APS
is shown in Fig. 4.3(b). As mentioned in Chapter 3, in order to examine the degradation of
CoNiCrAlY by molten deposits, specimens were also preheated in air at 1100°C for 20 h to
develop a TGO scale as the surface oxide scale with an internally oxidized CoNiCrAlY
microstructure. Cross-sectional backscattered electron micrograph as presented in Fig. 4.3(c)
illustrates the typical oxidized APS CoNiCrAlY microstructure with appreciably thick TGO
scale and significant internal oxide at the inter-splat boundaries. A secondary electron
micrograph illustrating the high magnification view of the morphology of surface TGO oxide
(alumina) evolved during oxidation of CoNiCrAlY is also shown in Fig. 4.3(d).
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Figure 4.: (a) and (b) Secondary electron micrographs of free standing APS CoNiCrAlY coating
showing the uniform cross-section and the typical surface splat microstructure; (c) crosssectional backscattered electron micrograph presenting the microstructure of heat-treated free
standing CoNiCrAlY after 20 h isothermal treatment at 1100°C and (d) secondary electron
micrograph revealing the respective surface morphology of TGO scale evolved from isothermal
heat-treatment.
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4.2. Thermochemical Degradation of APS YSZ by Corrosive Molten Deposits
4.2.1. Vanadium Pentoxide (V2O5)
V2O5 melts at 690°C, which is a relatively low temperature compared to turbine engine
operating conditions. In this investigation, degradation studies were performed at temperatures
ranging from 700°C to 900°C. At 700°C, in spite of molten V2O5 penetration through the porous
YSZ specimen, no reaction product or phase transformation was observed. However, studies at
720°C and exposures up to 2 hours revealed the YSZ reaction with molten V2O5. Figure 4.4
shows the XRD patterns obtained from the YSZ specimens exposed to molten V2O5 at 720°C for
durations of 30 minutes and 2 h. The newly evolved peaks are from the reaction product,
zirconium pyrovanadate (cubic ZrV2O7). No significant phase transformation of the YSZ was
observed from XRD analysis.

Figure 4.: XRD patterns illustrating the degradation of free-standing APS YSZ during YSZ–
V2O5 reaction at 720°C: (a) as-sprayed; (b) 720°C for 30 minutes; (c) 720°C for 2 h and (d)
ZrV2O7 standard.
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Microstructural analysis revealed the formation of ZrV2O7 and infiltration by molten
V2O5 as shown in Fig. 4.5. The respective XEDS obtained at different regions confirmed the
reaction product ZrV2O7 (region 2) and the solidified residue of V2O5 (region 3) as shown in Fig.
4.5.

Figure 4.: (a) Cross-sectional backscattered electron micrograph of free-standing APS YSZ after
reaction with V2O5 at 720°C for 30 minutes and the characteristic XEDS spectra showing (b) the
unreacted YSZ (region 1), (c) reaction product ZrV2O7 (region 2) and (d) the solidified residue
from molten V2O5 (region 3).
A thorough microstructural investigation by TEM along with selected area electron
diffraction studies yielded more accurate evidence on YSZ degradation by V2O5. Figure 4.6
highlights the results from the microstructural and electron diffraction studies performed by
TEM on the YSZ specimen exposed to molten V2O5 at 720°C for 30 minutes. The bright-field
TEM micrograph shown in Fig. 4.6(a) reveals the two different phases within the YSZ, which
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were identified as cubic ZrV2O7 and tetragonal ZrO2 based on selected area electron diffraction
patterns presented in Figs. 4.6(b) & (c). It should be noted that the same thermochemical
interactions and microstructural evolutions were observed in the YSZ degraded by V2O5 deposit
at all test temperatures up to 750°C.

Figure 4.: (a) Bright-field TEM micrograph showing the phase constituents of the APS YSZ after
reaction with V2O5 at 720°C for 30 minutes. Electron diffraction patterns from the two phases
present are indexed as (b) cubic ZrV2O7 and (c) tetragonal ZrO2 with zone axes of [2 3 1] and [2
1 1] respectively.

Figure 4.7 shows the XRD patterns obtained from the YSZ after hot corrosion testing
with molten V2O5 at 800°C for 30 minutes. It is clearly visible that the reaction is completely
different from the one observed at 720°C. Zirconia was predominantly found to exist as
monoclinic phase after degradation by V2O5 at 800°C. The reaction of the V2O5 melt with the
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yttria stabilizer of YSZ is also evident from the XRD results due to the presence of tetragonal
YVO4. This reaction resulted in the disruptive zirconia phase transformation of tetragonal-tomonoclinic (ťtm+f), which is in agreement with the degradation mechanism reported earlier
[33-38].

Figure 4.: XRD patterns illustrating the degradation of free-standing APS YSZ during YSZ–
V2O5 reaction at 800°C: (a) as-sprayed; (b) 800°C for 30 minutes; (c) monoclinic ZrO2 standard.
The cross-sectional microstructure of the YSZ specimen tested at 800°C for 30 minutes is
presented in Fig. 4.8. Corresponding XEDS spectra confirmed the different regions as YSZ
(region 1), the reaction product YVO4 (region 2) and solidified V rich residue (region 3).
Thermochemical degradation at 800°C was also confirmed by TEM analysis as presented in Fig.
4.9. The bright-field micrograph clearly shows the presence of the reaction compound YVO4.
Figure 4.9 also shows the selected area electron diffraction patterns indexed for the reaction
products, tetragonal YVO4 and yttria-poor monoclinic ZrO2 at 800°C that resulted from the
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deleterious phase transformation (ťtm+f). Above 750°C, formation of YVO4 and the
corresponding YSZ phase transformation to m-ZrO2 was the only degradation mechanism
observed. Figure 4.10 shows the XRD results obtained from samples infiltrated by molten V2O5
at 750°C for exposure periods of 5 min to 2 h. A progressive formation of m-ZrO2 phase is
clearly presented.

Figure 4.: (a) Cross-sectional backscattered electron micrograph of free-standing APS YSZ after
reaction with V2O5 at 800°C for 30 minutes and (b) and (c) characteristic XEDS spectra,
showing the regions 1, 2 and 3 as unreacted YSZ, reaction product YVO4, and the solidified
residue from molten V2O5 respectively.
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Figure 4.: (a) Bright-field TEM micrograph from the APS YSZ after reaction with V2O5 at
800°C for 30 minutes. Electron diffraction patterns from the two phases present are indexed as
(b) monoclinic ZrO2 with a zone axis of [1 1 4] and (c) tetragonal YVO4 with a zone axis of [001
].
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Figure 4.: XRD patterns obtained from the APS YSZ specimens after interaction with V2O5 melt
at 750°C for various test durations.

4.2.2. Phosphorus Pentoxide (P2O5)
Degradation of APS YSZ by P2O5 was examined with an emphasis at lower temperatures
ranging from 200°C to 500°C, because of the thermal instability of P2O5 at elevated temperature.
XRD results after the reaction at 350°C for 1 h and 450°C for 1 h are presented in Fig. 4.11. The
only reaction product found was zirconium pyrophosphate (cubic ZrP2O7). A magnified view of
the shaded region in Fig. 4.11 is also presented as Fig. 4.12. Due to interaction of the YSZ with
P2O5 melt, the two adjacent Bragg reflections from planes (103) and (211) of tetragonal zirconia
transition to one single peak that corresponds to (311) of fluorite-cubic phase. Thus phase
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transformation of ť-ZrO2 to yttria-rich fluorite cubic zirconia (f-ZrO2) is evident, which could be
attributed to the formation of ZrP2O7 during YSZ-P2O5 interaction.

Figure 4.: XRD patterns illustrating the degradation of the APS YSZ during YSZ–P2O5 reaction:
(a) as-sprayed; (b) 350°C for 1 h; (c) 450°C for 1 h; (d) cubic ZrP2O7 standard.

Figure 4.: A magnified view of the XRD patterns in the 2θ range, 56<2θ<62, illustrating the
degradation of free-standing APS YSZ during YSZ–P2O5 reaction: (a) as-sprayed; (b) 350°C for
1 h; and (c) 450°C for 1 h.
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Figure 4.13 shows the cross-sectional backscattered electron micrograph of the APS YSZ
specimen infiltrated by molten P2O5 at 350°C for 1 h. ZrP2O7 is the only reaction product. Unlike
the reaction product ZrV2O7 from the YSZ–V2O5 interaction, zirconium pyrophosphate (ZrP2O7)
was found to be stable for all temperatures up to 1200°C. Thus molten P2O5 that readily reacted
with the YSZ promoted the formation of yttria-rich cubic zirconia phases (f-ZrO2) due to the
enrichment in Y2O3 content in the YSZ. It should be noted that for all test temperatures in this
study (up to 1200°C), formation of ZrP2O7 along with ZrO2 phase transformation to f-ZrO2 was
the only degradation reaction observed. Due to the fact that P2O5 vaporized readily at elevated
temperatures, clear microstructural evidence of degradation was difficult to document, even
though at T>1000°C, spontaneous degradation of YSZ through similar reactions during rapid
heating, while in contact with P2O5, was observed. XRD patterns illustrating the ZrP2O7
formation at elevated temperatures (up to 1200°C) are also presented in Fig. 4.14. At such
elevated temperatures, the P2O5 interaction was limited to the surface of the YSZ specimen due
to the rapid vaporization of the contaminant. Thus, the microstructural evolution shown here for
temperatures below 500°C as presented by the XRD and SEM results demonstrates the most
effective degradation of YSZ by P2O5.
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Figure 4.: Cross-sectional backscattered electron micrograph of APS YSZ after reaction with
molten P2O5 at 350°C for 1 hour showing the reaction product ZrP2O7.

Figure 4.: XRD patterns illustrating the degradation of APS YSZ during YSZ–P2O5 reaction at
elevated temperatures up to 1200°C.
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4.2.3. Sodium Sulfate (Na2SO4)
YSZ specimens were tested for degradation by molten sodium sulfate at a temperature
range of 900°C to 1200°C. Na2SO4 melts at 884°C. XRD results obtained from samples studied
at 900°C for 1 h and 1000°C for 5 h revealed the presence of ť – ZrO2 with no evidence of
significant phase transformation or reaction between the YSZ and Na2SO4. However, unlike
other corrosive deposits, Na2SO4 was found to interact with the YSZ only after a long-term
exposure, when tested in an enclosed quartz capsule in order to maintain a molten salt film
throughout the testing. XRD results presented in Fig. 4.15 clearly show the presence of unreacted
Na2SO4 at the YSZ surface even after 20 h of hot corrosion testing at 950°C. However, after
exposure of 50 h at 1000°C, minimal evolution of monoclinic zirconia was observed as seen in
Fig. 4.15.

Figure 4.: XRD patterns obtained from YSZ after testing with Na2SO4 deposit for various
durations at 950°C and 1000°C.
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Due to the fact that YSZ-Na2SO4 interaction was only minimal and slow, documenting
the evidence of any reaction product was not possible. Evolution of m-ZrO2 after hot corrosion
testing with Na2SO4 could be attributed to the expected interaction of yttria stabilizer with acidic
SO3 in Na2SO4 melt [12]. Minor presence of m-ZrO2 phase after 50 h of testing demonstrates the
minimal thermochemical degradation of YSZ by Na2SO4 melt. Microstructural evidence as seen
in the cross-sectional backscattered electron micrographs in Fig. 4.16 also indicated that the
molten Na2SO4 infiltrated through the open pores and interlamellar gaps of the APS YSZ with no
obvious evidence of a reaction product. Molten salt was found to have crystallized out in the
cracks and pores of the coating which may eventually lead to thermomechanical damage.

Figure 4.: Cross-sectional backscattered electron micrographs showing the inert nature of YSZ
after hot-corrosion testing with Na2SO4 deposit and the corresponding XEDS spectra from
regions of interest.
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4.2.4. Na2SO4+V2O5 Mixture
Vanadates of sodium that are most likely to form during the presence of both V2O5 and
Na2SO4 were also investigated in this study. An equilibrium phase diagram of Na2SO4 -V2O5
system as presented in Chapter 3 (Fig. 3.4), shows the various vanadates of sodium in the binary
system. One of the commonly forming vanadates of sodium, NaVO3 (sodium metavanadate)
with a low melting point of 610°C has been considered as a potential corrosive specie that could
arise from low-quality fuel. A Na2SO4 + V2O5 mixture having a composition of 50 – 50 mol.%
that was molten and air-quenched resulted in a mixture of the vanadates of sodium. The XRD
pattern collected from the mixture shown in Fig. 4.17 reveals the major presence of NaVO3 (Tm:
610°C) and NaV3O8 (Tm: 548°C).

Figure 4.: XRD pattern obtained from quenched Na2SO4+V2O5 (50-50 mol.%) mixture
confirming the presence of vanadates of sodium.
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An eutectic mixture of these sodium vanadates can have a melting temperature as low as
500°C [127]. Thus, presence of Na2SO4 along with V2O5 has been considered as a critical threat.
XRD results from the YSZ after interaction with molten Na2SO4+V2O5 mixture at 700°C for 1 h
is shown in Fig. 4.18. The yttria depletion reaction with the formation of monoclinic ZrO2
(similar to the degradation mechanism observed in YSZ–V2O5 interaction) was observed.

Figure 4.: XRD patterns illustrating the degradation of free-standing APS YSZ during YSZ–
Na2SO4+V2O5 mixture reaction at 700°C for 1 hour due to the formation of YVO4.
The surface morphology of the YSZ coating after degradation by molten sodium
vanadate mixture at 720°C for 1 h is presented in Fig. 4.19. YVO4 crystals (region 1) as thin
plate-like structures varying in sizes up to 15 μm long are found to be embedded on the coating
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surface. The various sizes of nucleated and grown YVO4 crystals are also visible from surface
morphology. The YSZ remnant and the applied corrosive mixture are marked as regions 2 and 3
respectively. A significant degradation through formation of YVO4 that resulted in phase
transformation of ť-ZrO2 to m-ZrO2 was the only mechanism observed for all tested temperatures
up to 900°C.

Figure 4.: Backscattered electron micrograph showing the development of surface morphology
of free-standing APS YSZ due to interaction with Na2SO4+V2O5 mixture at 720°C for 1 hour.
Region 1: YVO4 (reaction product), Region 2: YSZ and Region 3: Applied sodium vanadate
mixture.
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4.3. Thermochemical Degradation of APS YSZ by Molten CMAS Deposit
The interaction between the YSZ and the CMAS deposit was observed to occur only for
elevated temperatures starting at 1250°C, where, CMAS was found to completely melt and
infiltrate the YSZ coating specimen. Cross-sectional microstructural analysis of CMAS tested
YSZ specimens revealed a microstructure similar for all samples that suffered CMAS attack at
temperatures above 1250°C for all durations studied in this work (2 - 4 hours). Cross-sectional
backscattered electron micrographs of the YSZ specimen subjected to molten CMAS infiltration
at 1250°C for 4 h are presented in Fig. 4.20. The CMAS melt readily infiltrated the 300 μm thick
free-standing YSZ. The solidified CMAS islands were observed near the top and bottom surfaces
of the YSZ coating. It should be noted that the CMAS melt infiltration is complete in isothermal
exposures; however it will vary in a real engine operation dictated by viscosity of the melt and
thermal gradient across TBCs.
Morphological changes in the YSZ after infiltration by CMAS at 1300°C for 4 h are
presented in the backscattered electron micrographs shown in Fig. 4.21. A typical microstructure
consisting of solidified CMAS islands and the bulk YSZ is illustrated in Fig. 4.21(a). Due to the
thermochemical interactions between the CMAS and YSZ, the evolution of spherical ZrO2 grains
reprecipitated from the CMAS melt, are evident from cross-section and surface micrographs
presented in Figs. 4.21 (b) and (c). Backscattered electron micrograph from the YSZ surface in
Fig. 4.21(c) also reveals the presence of spherical ZrO2 grains varying in size. Qualitative
information on the elemental concentration can be seen from the respective XEDS spectra
collected from solidified CMAS and the unaffected bulk YSZ as shown in Fig. 4.21(d).
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Figure 4.: Cross-sectional backscattered electron micrographs near the (a) top and (b) bottom
surfaces of the APS YSZ coating subjected to molten CMAS infiltration at 1250°C for 4 h.
Regions 1 and 2 correspond to solidified CMAS and bulk YSZ.
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Figure 4.: Backscattered electron micrographs obtained from the YSZ coating infiltrated by
molten CMAS at 1300°C for 4 h. (a) and (b) Cross-sections at low and high magnifications
respectively. (c) Micrograph of surface morphology showing the CMAS infiltrated coating with
coarse and fine reprecipitated ZrO2 grains from CMAS melt. (d) Characteristic XEDS spectra
from solidified CMAS and bulk YSZ. Regions 1, 2 and 3 correspond to solidified CMAS, bulk
YSZ and reprecipitated ZrO2 respectively.
XRD patterns obtained from the CMAS infiltrated APS YSZ (1300°C for 4h) specimens
are presented in Fig. 4.22. Similar XRD patterns were obtained for all specimens when CMAS
infiltration had occurred. The disruptive phase transformation of metastable tetragonal zirconia
(ť-ZrO2) to monoclinic zirconia (ťtm+f) was observed. In addition to the presence of m-ZrO2
phase on both the top (YSZ surface exposed to CMAS) and bottom surfaces of the YSZ after
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CMAS infiltration, phase transformation of ť-ZrO2 to fluorite cubic (f) ZrO2 on the bottom
surface of the YSZ was also observed from XRD patterns.

Figure 4.:X-ray diffraction patterns illustrating the phase transformation of YSZ due to CMAS
infiltration: (a) Collected patterns from (i) as sprayed YSZ coating – top surface, (ii) Top surface
and (iii) bottom surface of the YSZ infiltrated by molten CMAS at 1300°C for 4 h.

It should be noted that a significant phase transformation to monoclinic zirconia phase
was only observed on the top surface, where the phase transformation to yttria rich f-ZrO2 seems
to dominate the CMAS interaction mechanisms in the bottom YSZ surface. A magnified view of
the XRD patterns collected at a narrow 2 range of 57° to 62° are presented in Fig. 4.23. Near
the bottom surface of the YSZ after CMAS interaction, the two adjacent Bragg reflections from
planes (103) and (211) of tetragonal zirconia transition to a single peak that corresponds to the
reflection from (311) plane of cubic ZrO2. It should be noted that even though the top YSZ
surface was directly exposed to CMAS melt and suffered the disruptive phase transformation to
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m-ZrO2, presence of ť-ZrO2 at a significant level is observed from the peak-doublet as seen in
Fig. 4.23.

Figure 4.: Magnified representation of the XRD pattern at a narrow 2θ range of 57° to 62°
collected from (i) as sprayed YSZ coating – top surface, (ii) Top surface and (iii) bottom surface
of the YSZ after infiltration by molten CMAS at 1300°C for 4 h.

In order to examine the CMAS interaction with YSZ in detail, investigations by TEM,
STEM and SAED (selected area electron diffraction) were thoroughly carried out on CMAS
degraded YSZ sample prepared by FIB-INLO technique from regions of interest. Bright field
TEM micrographs obtained from the YSZ specimen subjected to molten CMAS attack at 1350°C
for 2 h are presented in Figs. 4.24 & 4.25. Both metastable tetragonal zirconia (ť-ZrO2) and
monoclinic zirconia (m-ZrO2) were present in the CMAS infiltrated specimens. This is consistent
with the XRD results. The electron diffraction patterns obtained from the three primary regions
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were indexed as ť-ZrO2 with a zone axis of [113], m-ZrO2 with a zone axis of [302] and the
completely amorphous CMAS glass. Analysis was also performed by XEDS equipped with both
TEM and SEM to confirm the CMAS dissolution of YSZ during high-temperature degradation.

Figure 4.: (a) Bright-field TEM micrograph obtained from the APS YSZ coating subjected to
molten CMAS attack at 1350°C for 2 h. The corresponding electron diffraction patterns obtained
from the phases present, which are indexed as (b) monoclinic ZrO2 and (c) amorphous CMAS
glass.
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Figure 4.: (a) and (b) Bright-field TEM micrographs obtained from the APS YSZ after exposure
to molten CMAS at 1350°C for 2 h showing significant presence of remaining ť- ZrO2 in
unaffected YSZ. (c) and (d) Corresponding electron diffraction patterns from ť- ZrO2 and
amorphous CMAS glass.
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4.4. Thermochemical Degradation of APS CoNiCrAlY by Corrosive Molten Deposits
4.4.1. Vanadium Pentoxide (V2O5)
In this investigation, the interactions of V2O5 melt with pre-oxidized CoNiCrAlY bond
coats were examined at 700°C and 900°C for a duration of 2 h. Figure 4.26 presents the XRD
pattern obtained from pre-oxidized CoNiCoCrAlY coating subjected to the V2O5 melt at 700°C
for 2 h, and identifies the reaction product as a substitutional Ni solid solution (fcc) and
chromium-aluminum orthovanadate, (Cr,Al)VO4. The presence of unreacted V2O5 after testing
on the specimen surface was also observed by XRD. Moreover, the presence of unreacted V2O5
and appreciable XRD peaks from the -Ni solid solution reveals the minimal thermochemical
degradation by V2O5 at 700°C.

Figure 4.: XRD pattern from V2O5 degraded CoNiCrAlY surface revealing monoclinic
(Cr,Al)VO4 as the primary phase constituent evolved during thermochemical interaction between
APS CoNiCrAlY and molten V2O5 after 2 h at 700°C.
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The surface morphology and microstructural evolution due to the interactions of the APS
CoNiCrAlY and the V2O5 melt are illustrated by secondary electron micrographs in Figs. 4.27(a)
and (b). Based on the Al/Cr ratio determined by XEDS, (Cr,Al)VO4 was found in two different
morphologies; as thin large platelets of 5µm in diameter (region 1 – Al rich) and as uniformly
fine disc-shaped grains of 1 µm in size (region 2 – Cr rich). The corresponding XEDS spectra
obtained from two different shaped grains presented in Figs. 4.27(c) and (d) reveal the qualitative
information on elemental composition of the reaction product (Cr,Al)VO4.

Figure 4.: (a) and (b) Secondary electron micrographs showing the surface morphologies of
microstructural evolution during APS CoNiCrAlY – V2O5 melt interaction at 700°C for 2 h; (c)
and (d) Characteristic XEDS spectra obtained from regions of interest.
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The cross-sectional backscattered electron micrograph presented in Fig. 4.28(a) illustrates
a minimal interaction between CoNiCrAlY and the V2O5 melt; although the infiltration was
complete. A significant accumulation of V2O5 melt at the bottom surface of the coating has
occurred due to the penetration of the melt through the interconnected cracks of the coating.
Ingression of the V2O5 melt is also clearly evident in Fig. 4.28(b). The presence of solidified
V2O5 melt along with the internal oxide (alumina) at the inter-splat boundaries of pre-oxidized
APS CoNiCrAlY is observed.
Tests performed at 900°C for 2 h showed a completely different interaction of V2O5 with
CoNiCrAlY. The XRD pattern shown in Fig. 4.29 identifies the reaction products due to the
interaction between pre-oxidized CoNiCrAlY and V2O5 melt at 900°C. Orthorhombic
(Co,Ni)3(VO4)2 and cubic (Ni,Co)(Cr,Al)2O4 were found as the predominant reaction products,
and both a vanadate of Co and Ni and a spinel oxide of Co/Ni and Al/Cr were found to be
substitutional solid-solution compounds with significant substitutions of Co for Ni and Cr for Al.
Morphological changes due to degradation by V2O5 at 900°C are also evident in the secondary
electron micrographs in Fig. 4.30. Crystals of cobalt-nickel orthovanadate (region 1) varying in
sizes up to 15 µm were found to be embedded on the surface in addition to the significant spinel
oxide [(Ni,Co)(Cr,Al)2O4] formation (region 2).
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Figure 4.: Cross-sectional backscattered electron micrographs demonstrating the accumulation of
V2O5 melt at bottom of the coating in (a) and the melt infiltration throughout free-standing APS
CoNiCrAlY in (b). Regions 1, 2 and 3 correspond to V2O5 melt, bulk CoNiCrAlY coating and
internal alumina resulted from pre-oxidation treatment, respectively.
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Figure 4.: XRD pattern from the V2O5 degraded CoNiCrAlY surface confirming orthorhombic
(Co,Ni)3(VO4)2 and cubic (Ni,Co)(Cr,Al)2O4 as the primary phase constituents evolved during
thermochemical interaction between APS CoNiCrAlY and molten V2O5 after 2 h at 900°C.

Figure 4.: (a) and (b) Secondary electron micrographs showing the surface morphologies of
microstructural evolution during APS CoNiCrAlY – V2O5 melt interaction at 900°C for 2 h; (c)
and (d) Characteristic XEDS spectra obtained from regions of interest.
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Unlike the insignificant interaction observed at 700°C, extensive degradation via
dissolution of CoNiCrAlY by the V2O5 melt was observed at 900°C as shown by the crosssectional backscattered electron micrograph in Fig. 4.31(a). A thick (>100 µm) scale on top of
the unaffected CoNiCrAlY was primarily the constituents dissolved and reacted by V2O5 melt.
This scale was found to be composed of (Co,Ni)3(VO4)2 and (Ni,Co)(Cr,Al)2O4 by XRD results.
Presence of YVO4 was also observed by the respective XEDS spectrum. Corresponding XEDS
spectra from regions of interest are presented in Figs. 4.31(b) and (c).

Figure 4.: (a) Cross-sectional backscattered electron micrograph demonstrating the extent of
degradation by V2O5 melt, where region 1 is the 100 mm-thick scale developed by consumption
of free-standing APS CoNiCrAlY; (b) and (c) Characteristic XEDS spectra obtained from
regions of interest – region 1: V-rich corroded scale and region 2: unaffected CoNiCrAlY bulk.
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4.4.2. Phosphorus Pentoxide (P2O5)
In this study, the pre-oxidized CoNiCrAlY coating was exposed to P2O5 melt at 350°C
for 2 h. This low temperature, at which P2O5 is in molten state, was chosen to minimize the
vaporization of P2O5. A visual observation of the tested CoNiCrAlY specimens clearly indicated
a significant degradation by P2O5 melt. Figure 4.32 presents the XRD pattern that identifies the
formation of two different phosphates, namely monoclinic (Ni,Co)(PO3)2 and monoclinic
(Cr,Al)(PO3)3. The surface morphology of hot-corrosion tested specimen was examined along
with XEDS analysis on reaction products; however a cross-sectional analysis was not possible
due to the significant consumption of coating constituents by molten P2O5.

.
Figure 4.: XRD pattern from P2O5 degraded CoNiCrAlY surface revealing the presence of
monoclinic (Ni,Co)(PO3)2 and monoclinic (Cr,Al)(PO3)3 as the primary phase constituents of
interaction between APS CoNiCrAlY and molten P2O5 at 350°C for 2 h.
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Figure 4.33 shows the surface morphology evolved in CoNiCrAlY due to interaction with
molten P2O5 at 350°C. The reaction products were found to have different morphologies that are
clearly seen in Fig. 4.33(a): rice-shaped particles of cobalt nickel polyphosphate with uniform
size of 5 µm in length, and large grains of chromium aluminum polyphosphate. XEDS spectra
obtained from two different reaction products are presented in Figs. 4.33 (b) and (c), which
reveal the substitution of Co for Ni and Cr for Al, and therefore the reactions products were
confirmed as substitutional solid-solution phosphates of Ni/Co and Al/Cr.

Figure 4.: (a) Backscattered electron micrograph showing the morphological difference of
reaction compounds, region 1 – (Ni,Co)(PO3)2, and region 2 – (Cr,Al)(PO3)3 after free-standing
APS CoNiCrAlY was exposed to P2O5 at 350°C for 2 h. (b) and (c) Characteristic XEDS spectra
obtained from different reaction products.
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4.4.3. Sodium Sulfate (Na2SO4)
Degradation of free-standing APS CoNiCrAlY coatings both in as-sprayed and preoxidized (1100°C, 20 h treatment) condition was tested for hot corrosion resistance against
Na2SO4 attack. CoNiCrAlY in as-sprayed condition suffered severe degradation due to Na2SO4
when tested in an enclosed quartz capsule (in order to maintain a salt film) at 1000°C for 50 h.
Secondary electron micrographs of the hot corroded CoNiCrAlY surface shown in Fig. 4.34
highlights the significant formation of chromium sulfide (Cr2S3) through widely known
sulfidation mechanism [10]. Lateral growth of faceted polynuclear sulfide (Cr2S3) can be clearly
seen (region 1). XEDS from these large faceted sulfide grains is shown in Fig. 4.34(c). Besides,
sulfides of Ni/Co as substitutional solid solution compound, (Ni,Co)S (region 2) was also
observed as whiskers at the polynuclear Cr2S3 particle interface. Cross-sectional backscattered
electron micrographs presented in Fig. 4.35 reveals the severe attack on the coating through
accelerated internal oxidation and localized sulfidation. Molten Na2SO4 ingression through the
inter-splat boundaries of the APS CoNiCrAlY resulted in direct thermochemical interaction.
Subsequent increase in the oxygen partial pressure resulting from dissociation of penetrated
sulfate melt caused significant internal oxidation (alumina formation at inter-splat boundaries).
Fig. 4.35 (b) also reveals the localized internal sulfidation (i.e., formation of Cr2S3) within the
bulk of the APS CoNiCrAlY. Thus, a direct contact of molten Na2SO4 with CoNiCrAlY resulted
in extensive consumption of coating constituents through hot corrosion mechanisms.
On the other hand, these MCrAlY coatings having been developed for the purpose of
oxidation/hot corrosion resistance, and a continuous thick alumina as surface TGO scale would
obviously protect the coating system from molten sulfate attack. Free-standing APS CoNiCrAlY
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coating after preoxidation with appreciably thick TGO alumina as surface oxide scale was found
to degrade minimally through classical hot corrosion mechanism, when in contact with Na2SO4
melt at 1000°C. Cross-sectional backscattered electron micrographs presented in Fig. 4.36 reveal
the formation of oxide scales such as (Al,Cr)2O3 mixed oxide (region 2) and (Ni,Co)(Al,Cr)2O4
spinel (region 3) due to the presence of molten sulfate salt film at the surface (region 1).

Figure 4.: (a) and (b) Secondary electron micrographs illustrating the surface morphology and
phase evolution due to significant degradation by Na2SO4 melt of as-sprayed APS CoNiCrAlY at
1000°C for 50 h; (c) XEDS spectra identifying the reaction products as Cr2S3.
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Figure 4.: Cross-sectional backscattered electron micrographs of Na2SO4 degraded as-sprayed
APS CoNiCrAlY at 1000°C for 50 h: (a) degradation through significant internal oxidation is
evident, (b) localized sulfidation resulted in formation of Cr2S3 within the bulk of CoNiCrAlY is
observed.

117

Figure 4.: Cross-sectional backscattered electron micrographs of Na2SO4 degraded pre-oxidized
APS CoNiCrAlY at 1000°C for 50 h: (a) Presence of Na2SO4 deposit (region 1) and mixed oxide
scale (Al,Cr)2O3 (region 2) are seen; (b) Presence of Na2SO4 deposit (region 1), spinel oxide
(Ni,Co)(Al,Cr)2O4 (region 3) and TGO alumina (region 4) are observed as the surface scale
constituents.
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4.4.4. Calcium Sulfate (CaSO4)
Calcium rich deposits, commonly observed in gas turbine operation can be detrimental if
deposited as CaSO4. APS CoNiCrAlY in pre-oxidized state suffered degradation due to CaSO4
deposit when subjected to isothermal molten-deposit testing at 1000°C for 50 h. A crosssectional backscattered electron micrograph highlighting the reaction products that were
confirmed through XEDS analysis are presented in Fig. 4.37.

Figure 4.: (a) Cross-sectional backscattered electron micrograph of CaSO4 degraded CoNiCrAlY
(pre-oxidized) at 1000°C for 50 h. (b) and (c) XEDS spectra collected from different reaction
products.
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CaSO4 was found to directly interact with oxide constituents of CoNiCrAlY surface
resulting in dissolution of protective oxides (Al2O3, Cr2O3). Formation of calcium chromate
(Region 1: CaCrO4) and calcium aluminum oxide (Region 2: CaAl2O4) at the CaSO4/coating
interface was observed. It should be noted that the degradation was limited only to the top 30 μm
of CoNiCrAlY. There was no evidence of TGO alumina scale, and this suggests a complete
dissolution of protective oxides by CaSO4.

4.4.5. Sodium Metavanadate (NaVO3)
In order to investigate the degradation of CoNiCrAlY, both in as-sprayed and preoxidized state by molten NaVO3 deposit, coatings in contact with NaVO3 were subjected to
isothermal testing at 900°C for 5 h. Cross-sectional views of the tested specimen are presented in
Figs. 4.38 and 4.39. The as-sprayed CoNiCrAlY was found to undergo a significant degradation
through dissolution of coating constituents by NaVO3 melt. Melt ingression through the APS
CoNiCrAlY was also evident as presented in Fig. 4.38(b). XEDS spectrum from constituents of
CoNiCrAlY dissolved by V rich melt (region 1) as seen in Fig. 4.38(c) reveals no preferential
dissolution. An average 40 μm thick scale was observed at the surface due to a significant
thermochemical interaction between free-standing APS CoNiCrAlY and NaVO3 melt. On the
other hand, pre-oxidized coating was found to be relatively resistant to NaVO3 attack in
comparison to V2O5 attack as discussed earlier. Backscattered electron micrographs showing the
cross-sections of pre-oxidized CoNiCrAlY after exposure to NaVO3 melt are presented in Fig.
4.39. No direct dissolution of coating constituent was observed. A continuous (Ni,Co)(Al,Cr)2O4
spinel (region 1) as the surface oxide scale is seen in Fig. 4.39 (a). It is also observed that the
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oxide scale consisting of spinel and TGO alumina is not dense and the local disintegration of
oxide scale is evident as seen in Fig. 4.39 (b).

Figure 4.: (a) and (b) Cross-sectional backscattered electron micrographs of CoNiCrAlY (in assprayed state) after exposure to NaVO3 at 900°C for 5 h showing the dissolution of coating
constituents by V rich melt, (c) Corresponding XEDS spectrum from region 1.
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Figure 4.: (a) and (b) Cross-sectional backscattered electron micrographs of CoNiCrAlY (in preoxidized state) after exposure to NaVO3 at 900°C for 5 h showing the modified surface scale
(TGO) constituents; region 1: (Ni,Co)(Al,Cr)2O4 spinel and region 2: TGO alumina (α Al2O3).
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4.5. Thermochemical Degradation of APS CoNiCrAlY by Molten CMAS Deposit
Molten CMAS has been found to readily ingress the porous ceramic topcoat of TBCs.
Hence, CMAS could also degrade the TGO and bond coat layers of TBCs. Even though it is very
unlikely for a metallic coating (ORCs or bond coat of TBCs) to experience such a high surface
temperature for CMAS deposits to melt and degrade, it should be taken into consideration that
CMAS deposit can melt even at temperatures lower than 1150°C based on the composition [29].
With the increasing TIT, understanding the degradation of alumina forming MCrAlY coatings by
CMAS deposits becomes mandatory for the expansive applications of MCrAlY coatings. In this
study, pre-oxidized APS CoNiCrAlY coatings were exposed to CMAS and subjected to
isothermal heat-treatment at 1250°C for 5 h. CMAS was found to readily consume CoNiCrAlY
coating constituents and the TGO scale through thermochemical interaction. Surface
morphologies of the APS CoNiCrAlY after testing with CMAS deposit are shown in secondary
electron micrographs shown in Fig. 4.40. A CMAS wetted surface is seen with platelet-like
crystals (region 1) embedded on the surface that resulted from crystallization of CMAS melt due
to a change in its composition attributed to the thermochemical dissolution of TGO alumina.
Significant formation of spinel oxide [region 2: (Ni,Co)(Al,Cr)2O4] is also evident as seen in Fig.
4.40(b). The corresponding XEDS spectra obtained from compounds evolved with different
morphologies are presented in Fig. 4.40 (c). Cross-sectional views of CoNiCrAlY after hightemperature testing with CMAS are presented by backscattered electron micrographs in Fig.
4.41. These demonstrated a significant degradation by CMAS melt. The APS CoNiCrAlY
coating was found to be attacked up to 40 μm in thickness. The CMAS-degraded CoNiCrAlY
layer was found to be composed of crystallized CMAS (region 1), applied CMAS (region 2) and
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spinel oxides. The corresponding XEDS spectra as presented in Fig. 4.41 (c) reveals that the
crystallized CMAS had higher Al content in comparison to that of applied CMAS. This is
attributed to the extensive dissolution of the TGO alumina.

Figure 4.: (a) and (b) Secondary electron micrographs of CoNiCrAlY (pre-oxidized) surface after
degraded by CMAS deposit at 1250°C for 5 h showing microstructural evolution due to
thermochemical interaction; (c) Respective XEDS spectra from regions of interest.
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Figure 4.: (a) and (b) Cross-sectional backscattered electron micrographs of CoNiCrAlY (preoxidized) after degraded by CMAS deposit at 1250°C for 5 h showing microstructural evolution
due to thermochemical interaction; (c) Corresponding XEDS spectra from regions of interest;
region 1: crystallized CMAS, region 2: applied CMAS.
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4.6. Ceramic Overlay for APS YSZ by EPD
4.6.1. YSZ Overlay
In order to protect APS YSZ TBCs from melt ingression, a ceramic overlay of desired
porosity and thickness that can act as a sacrificial oxide overlay and/or impermeable ceramic
coating was examined in this study. For YSZ TBCs, an overlay composed of dense YSZ, being
the obvious choice, was fabricated. Through a controlled EPD process, which is a particle-byparticle deposition technique followed by a densification step, a YSZ overlay of 25 μm was
readily achieved. Protection of thermally sprayed TBCs by a EPD YSZ overlay entails the
overlay to be dense in order to suppress the melt ingression. Hence, to achieve a dense crack-free
YSZ overlay, the YSZ green compact after deposition followed by drying in ambient conditions,
was sintered at two different sintering conditions. Sintering at 1300°C and 1350°C for 4 h was
employed to achieve YSZ overlay coatings of desired density.
The phase constituents of the APS YSZ, green YSZ powder compact after deposition
through EPD, and the dense YSZ overlay after sintering at 1300°C for 4 h were examined by
XRD as presented in Fig. 4.42. The primary phase constituent of the as-sprayed APS YSZ was
the metastable tetragonal ZrO2 phase (ť-ZrO2), which is the desirable ZrO2 phase for TBCs. Even
though the green powder compact processed by EPD was primarily composed of the equilibrium
ZrO2 phases such as transformable tetragonal (t) and fluorite-cubic (f) phases with traces of
monoclinic (m) phase, after controlled sintering step, the YSZ overlay was found to have
completely transformed to tetragonal ZrO2 (t-ZrO2).
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Figure 4.: XRD patterns obtained from (a) Air plasma sprayed (APS) YSZ coating that is
primarily composed of metastable tetragonal ZrO2 phase (ť – ZrO2), (b) YSZ green compact
obtained from EPD consisting of a mixture of ZrO2 equilibrium phases and (c) YSZ overlay
coating after sintering at 1300°C for 4 h primarily composed of ť – ZrO2.
Secondary electron images obtained from the green YSZ powder compact and sintered
YSZ overlay are presented in Figs. 4.43(a) and (b), respectively. A crack-free powder compact
obtained from EPD after drying is evident from its surface morphology as shown in Fig. 4.43(a).
A typical YSZ surface after sintering at 1300 °C for 4 h is shown by the secondary electron
micrograph in Fig. 4.43(b). To compare the surface finish obtained from APS and EPD
techniques, a part of APS YSZ was masked during the EPD YSZ overlay process. Interconnected
surface cracks and pores, typical to APS processed coating and a crack-free surface obtained
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from EPD that would be beneficial in protecting the APS YSZ coating against melt ingression
are clearly seen in Fig. 4.44.

Figure 4.: Secondary electron micrographs illustrating the surface morphology of (a) YSZ green
compact after EPD and (b) YSZ overlay coating after sintering at 1300°C for 4 h.
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Figure 4.: Secondary electron micrographs demonstrating the crack-free EPD YSZ surface
morphology on a APS YSZ specimen with the right half uncoated during EPD.

Cross-sectional secondary electron micrographs obtained from the EPD YSZ overlay,
sintered at 1300°C for 4 h, are presented in Fig. 4.45. Interface between the EPD overlay coating
and the APS YSZ, presented in Fig. 4.45(a), exhibits a good adhesion of the EPD overlay
coating. A magnified view of the bulk of the EPD YSZ overlay coating shown in Fig. 4.45(b)
reveals uniformly distributed microvoids that resulted from typical sintering characteristics of
YSZ powder compact, which started with sub-micron YSZ particles. Even though the observed
microstructural characteristics of YSZ overlay after sintering at 1300°C are promising in
providing protection against melt ingression, a denser YSZ overlay with fewer microvoids could
be achieved by sintering at higher temperatures. Hence, sintering at 1350°C for 4 h was also
employed in this study.
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Figure 4.: Cross-sectional secondary electron micrographs showing the typical EPD overlay
microstructure: (a) a continuous YSZ overlay coating fabricated by EPD followed by sintering at
1300°C for 4 h and (b) the EPD YSZ / APS YSZ coating interface.

As expected, a higher sintering temperature resulted in a denser microstructure of the
EPD YSZ overlay. Figures 4.46(a) and (b) present the secondary electron images obtained from
the surfaces of YSZ overlay after sintering at 1300°C and 1350°C for 4 h, respectively. It is
clearly seen that YSZ overlay sintered at 1350°C is denser with fewer microvoids. Crosssectional secondary electron micrographs presented in Figs. 4.47(a) and (b) demonstrate that a
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dense and continuous YSZ overlay of 25 μm in thickness was obtained after sintering at 1350°C
for 4 h.

Figure 4.: Secondary electron micrographs revealing the surface morphology of (a) YSZ overlay
coating after sintering at 1300 °C for 4 h and (b) YSZ overlay coating after sintering at 1350 °C
for 4 h.
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Figure 4.: Cross-sectional secondary electron micrographs of EPD YSZ overlay coatings with
varying porosity by different sintering conditions: (a) sintered at 1300°C for 4 h and (b) sintered
at 1350°C for 4 h.

APS YSZ with a dense YSZ overlay processed by EPD and sintering at 1350°C for 4 h
was subjected to CMAS exposure at 1300°C for 1 h. CMAS, having excellent wettability and
low viscosity was found to infiltrate and dissolve even the relatively dense EPD YSZ and thus
attacked the APS YSZ. This concludes that even though the melt penetration might have been
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reduced, CMAS ingression into APS YSZ was not completely arrested. Figure 4.48 illustrates
the presence of solidified CMAS as islands within the APS YSZ. Attack through the ingression
of CMAS into the EPD YSZ is also clearly seen in Fig. 4.48(b).

Figure 4.: Cross-sectional backscattered electron micrographs showing the ingression CMAS
through EPD YSZ during high-temperature CMAS exposure at 1300°C for 1 h: (a) CMAS
infiltrated APS YSZ with EPD YSZ overlay, (b) a magnified view of EPD YSZ overlay after S
attack; Region 1: YSZ , Region 2: solidified CMAS.

It should be noted that the YSZ as a dense EPD overly is also susceptible to
thermochemical degradation by corrosive melt such as vanadates, sulfates and CMAS. Even
though melt penetration rate can be reduced through employing a dense YSZ overlay, a complete
protection requires trapping of molten compounds through thermochemical interaction. Overlay
coating of desired oxide ceramic that can trap corrosive melt through formation/crystallization of
compounds having a higher melting temperature and thus also increase the viscosity of melt
would be a promising solution. Thus, in this study, an attempt has been taken to fabricate a
desired overlay by EPD to achieve alumina and/or magnesia based coatings in order to trap
CMAS and vanadate/sulfate deposits, respectively.
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4.6.2. Alumina Overlay
Alumina, a promising candidate to trap CMAS deposits through thermochemical
interaction, was employed as a sacrificial overlay ceramic in this study. Crack-free alumina
overlay coatings of thickness up to 100 μm were produced with deposition durations ranging up
to 15 minutes using the EPD and densification process parameters elaborated in Chapter 3. EPD
alumina overlay was achieved through sintering the homogeneous alumina (α-Al2O3) power
compact at 1200°C for 10 h. XRD pattern collected from the free-standing APS YSZ modified
with EPD alumina overlay is presented in Fig. 4.49. Presence of rhombohedral α- Al2O3 as the
primary phase constituent of the EPD overlay on APS YSZ is presented by the XRD results.

Figure 4.: XRD pattern collected from the surface of EPD alumina overlay on free-standing APS
YSZ coating showing rhombohedral α- Al2O3 as the primary phase constituent.
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Microstructural homogeneity of the synthesized alumina overlay was also thoroughly
examined. Sintered microstructure of alumina overlay is seen in the presented secondary electron
micrographs in Fig. 4.50. Initial assessment of the microstructure reveals excellent packing
homogeneity associated with a well-dispersed EPD suspension. Such a crack-free overlay with
uniform pore distribution is promising for strain-tolerant durable overlay coating applications for
TBCs.

Figure 4.: Secondary electron micrographs of EPD alumina overlay achieved by sintering at
1200°C for 10 h reveal the typical sintered microstructure.
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Figure 4.51 presents the cross-sectional microstructures of the EPD alumina overlay of
60 μm thickness (4 minutes of EPD) on the free-standing APS YSZ that was sintered at 1200°C
for 10 h. A continuous crack-free adherent EPD overlay is observed in Fig. 4.51(b) with a dense
sintered alumina microstructure with a uniform pore distribution.

Figure 4.: Cross-sectional micrographs: (a) backscattered electron micrograph showing freestanding YSZ coatings with 60μm thick alumina overlay achieved by EPD followed by sintering
at 1200°C for 10h; (b) secondary electron micrograph showing a magnified view of crosssectional microstructure of EPD overlay.
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Overlay thickness can be readily controlled by the EPD deposition time, while other
influencing parameters such as applied voltage, EPD bath solid concentration, bath chemistry
can be fixed as constants. A plot of overlay thickness as a function of deposition time during the
EPD with all other parameters held constant is presented in Fig. 4.52. An initial linear
relationship followed by a non-linear thickness saturation regime is observed. Alumina overlay
up to 100 μm thick was readily achieved by EPD with deposition duration of 15 minutes. Crosssectional secondary electron micrographs shown in Fig. 4.53 illustrate the adherent uniform
crack-free alumina overlay of 100 μm thickness deposited on the APS YSZ. Promising
interfacial adherence between the EPD alumina and the APS YSZ is also evident from the
micrograph shown in Fig. 4.53(b). The free standing YSZ with alumina overlay, when subjected
to isothermal testing with CMAS deposit at 1300°C for 1 h demonstrated the promising ability of
the EPD overlay in protecting the APS YSZ from the CMAS attack. Secondary electron
micrographs shown in Fig. 4.54 demonstrate the microstructural evolution due to crystallization
of the CMAS from thermochemical interaction with alumina overlay.
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Figure 4.: Plot of sintered alumina overlay thickness vs. deposition time during EPD processing
of alumina overlay for APS YSZ.

Figure 4.: Cross-sectional secondary electron micrographs showing (a) a 100 μm thick alumina
overlay achieved by EPD for 15 minutes followed by sintering at 1200°C for 10 h and (b) APS
YSZ/EPD Alumina interface.
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Figure 4.: Secondary electron micrographs showing the surface microstructural evolution due to
thermochemical interaction between APS YSZ with alumina overlay and CMAS melt at 1300°C
for 1 h: (a) CMAS crystallized as platelets; (b) Alumina overlay arresting the CMAS melt
ingression through crystallization.

CMAS was found to crystallize as platelets, which are visible in Fig. 4.54. Platelet-like
morphology of crystallized CMAS along with unreacted alumina overlay is also observed in Fig.
4.54(b). Cross-sectional electron micrographs demonstrating the complete arrest of CMAS
ingression due to thermochemical interaction with alumina overlay of desired microstructural
characteristics are evident in Fig. 4.55.
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Figure 4.: Cross-sectional backscattered electron micrograph demonstrating the complete arrest
of CMAS melt ingression by the crack-free alumina overlay; (b) secondary electron micrograph
also reveals the suppression of CMAS melt ingression and (c) Corresponding XEDS spectra
revealing the increase of Al content in crystallized CMAS.

CMAS melt was completely arrested within the EPD alumina overlay with a penetration
thickness only up to 20 μm. A magnified view illustrating the complete arrest of the CMAS
within alumina overlay is also presented in Fig. 4.55(b). The corresponding XEDS spectrum
obtained from crystallized CMAS regions presented along with XEDS spectrum of the applied
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CMAS in Fig. 4.55 (c) reveals the enrichment of Al content in the CMAS that resulted in CMAS
crystallization. XRD pattern obtained from CMAS-attacked surface of the APS YSZ protected
with EPD alumina overlay is presented in Fig. 4.56. Primary phase constituents of crystallized
CMAS are hexagonal anorthite (CaAl2Si2O8) and orthorhombic MgAl2O4 spinel.

Figure 4.: XRD patterns obtained from as-processed EPD alumina overlay and CMAS interacted
EPD alumina after isothermal testing at 1300°C for 1 h. Primary phase constituents
corresponding to the complete crystallization of CMAS due to the interaction are hexagonal
anorthite (CaAl2Si2O8) and orthorhombic MgAl2O4 spinel.
A sample from CMAS-interacted EPD alumina overlay was prepared by FIB-INLO for a
detailed investigation by TEM. Bright field TEM micrographs along with the corresponding
selected area electron diffraction patterns indexed to two different primary phase constituents:
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the elongated anorthite crystals (CaAl2Si2O8 platelets) and equiaxed MgAl2O4 spinel as
presented in Figs. 4.57 and 4.58, respectively.

Figure 4.: (a) and (b) Bright field TEM micrographs obtained from crystallized CMAS region
resulted from thermochemical interaction with alumina at 1300°C for 1 h highlighting and the
presence of anorthite (CaAl2Si2O8) platelets and (c) the corresponding selected area electron
diffraction pattern obtained from platelet (region 1) indexed to CaAl2Si2O8.
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Figure 4.: (a) and (b) Bright field TEM micrographs obtained from crystallized CMAS region
resulted from thermochemical interaction with alumina at 1300°C for 1 h highlighting the
presence of equiaxed spinel MgAl2O4 and (c) the corresponding selected area electron diffraction
pattern indexed to orthorhombic MgAl2O4.
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4.6.3. Magnesia Overlay
Magnesia overlay would be a promising solution to trap corrosive acidic melts such as
V2O5 and SO3 (from sulfates). MgO overlay was processed by EPD technique followed by
sintering at 1100°C for 10 h. MgO, having a relatively higher CTE in comparison to the YSZ,
cannot yield a durable thick dense overlay. However, a thinner MgO overlay (up to 25 μm) of
relatively higher porosity can be a choice for durable overlay to protect APS TBCs from hot
corrosion. Secondary electron micrographs presented in Fig. 4.59 show the uniform, crack-free
surface and homogeneous particle compact resulted from the EPD and controlled sintering.

Figure 4.: (a) Secondary electron micrograph of MgO surface achieved by EPD on the APS YSZ
followed by sintering at 1100°C for 10 h. (b) Secondary electron micrograph of a fractured MgO
cross-section showing the microstructural homogeneity.
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A sintered MgO microstructure seen in Fig. 4.59(a) shows the typical surface
morphology. A dense sintered cross-sectional microstructure is also evident from the micrograph
of fractured MgO overlay on the APS YSZ as presented in Fig. 4.59(b). A cross-sectional
backscattered electron micrograph shown in Fig. 4.60 reveals the uniformly continuous 25 μm
thick EPD MgO overlay produced after sintering at 1100°C for 10 h. In order to assess the
potential of EPD MgO overlay coatings in hot corrosion resistance, APS YSZ with 25 μm thick
EPD MgO overlay was subjected to V2O5 attack at 900°C for 1 h. Significant changes in the
surface morphology of EPD MgO overlay was observed as presented in Fig. 4.61 (a). A crosssectional view of the EPD MgO overlay on APS YSZ after V2O5 testing, presented in Fig.
4.61(b), shows the complete suppression of V2O5 melt ingression within the MgO overlay.

Figure 4.: Cross-sectional backscattered electron micrograph shows the 25 μm thick EPD MgO
overlay on a free-standing APS YSZ specimen.
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Figure 4.: (a) Secondary electron micrograph shows the surface morphological changes of MgO
overlay due to microstructural evolution during interaction with V2O5 deposit at 900°C for 1 h,
(b) Cross-sectional backscattered electron micrograph highlighting the suppression of V2O5 melt
ingression and MgO-V2O5 interaction layer.
Interaction of MgO with V2O5 was found to protect the APS YSZ. The MgO overlay
trapped the corrosive melt by readily forming reaction products. The reaction products were
identified by XRD analysis, as presented in Fig. 4.62. The primary phase constituents of the
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interaction layer were found to be triclinic Mg2V2O7 and orthorhombic Mg3V2O8. These reaction
products possess high melting temperature (Tm: Mg2V2O7: 930°C, Mg3V2O8: 1070°C) and thus
facilitated in arresting V2O5 melt ingression.

Figure 4.: XRD pattern obtained from V2O5-interacted EPD MgO after isothermal testing at
900°C for 1 h. Primary phase constituents corresponding to the complete arrest of V2O5 melt
ingression are triclinic Mg2V2O7 and orthorhombic Mg3V2O8.

4.6.4. Alumina-Magnesia Composite Overlay
In order to develop a overlay for APS TBCs that can provide complete protection against
a combination of corrosive molten deposits such as V2O5, Na2SO4 and CMAS, fabrication of a
composite overlay composed of Al2O3 and MgO through codeposition of particles by EPD was
also examined in this study. For EPD of Al2O3-MgO overlay, a colloidal dispersion of individual
particles of Al2O3 and MgO with a weight ratio of 1:1 with the EPD process and sintering
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conditions aforementioned in Chapter 3. Free-standing APS YSZ with Al2O3-MgO composite
overlay was individually studied in contact with corrosive V2O5 melt at 900 °C and CMAS
melt at 1250 °C. Cross-sectional backscattered electron micrographs presented in Fig. 4.63
reveal the continuous, crack-free, adherent nature of the composite overlay. The overlay was
found to be composed of Al2O3, MgO and MgAl2O4 spinel as seen from respective XEDS
spectra presented in Fig. 4.63 (c). Spinel formation occurred during the sintering treatment.

Figure 4.: Cross-sectional backscattered electron micrographs (a and b) illustrate the continuous
crack-free characteristics of Al2O3-MgO composite overlay on APS YSZ achieved by
electrophoretic codeposition followed by sintering at 1100°C for 5 h; (c) Characteristic XEDS
spectra from regions 1 and 2 confirm the phase constituents of overlay as Al2O3-MgO composite
and MgAl2O4 spinel respectively.
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The APS YSZ with the composite overlay was found to be resistant to molten CMAS
attack. After a 1 h isothermal exposure of the coating assembly to CMAS deposit at 1250°C,
crystallization of CMAS due to thermochemical interaction with Al2O3-MgO composite was
evident. Figures 4.64 (a) and (b) present the secondary electron micrographs obtained from the
surface of the CMAS-interacted specimen that revealed the crystallization of CMAS to equiaxed
crystals. The cross-sectional backscattered electron micrographs shown in Figs. 4.64 (c) and (d)
demonstrate the complete suppression of CMAS melt ingression limited within the composite
overlay, which is attributed to the crystallization of CMAS. The APS YSZ was found to be
completely protected from CMAS attack. The crystallized CMAS was found to consist of
diopside [Ca(Mg,Al)(Si,Al)2O6] and anorthite [CaAl2Si2O8] crystals.
Similarly, after a 1 h isothermal exposure to V2O5 deposit at 900°C, magnesium vanadate
compound formation due to thermochemical interaction between the corrosive V2O5 melt with
Al2O3-MgO composite was also observed. Figure 4.65 presents the evolution of V-rich reaction
products that can be seen from the surface secondary electron micrograph in Fig. 4.65 (a). The
cross-sectional backscattered electron micrograph in Fig. 4.65 (c) highlights the arrest of V2O5
melt ingression through formation of magnesium vanadates (Mg2V2O7 and Mg3V2O8) that
possess higher melting temperatures. However, V2O5 being highly acidic corrosive melt, some
attack on the underlying YSZ up to 30 μm deep was also observed. An optimum protection can
be achieved by employing such a composite overlay with tailored composition (starting EPD
bath composition) and microstructure (starting particle size).
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Figure 4.: Microstructural evolution due to thermochemical interaction of CMAS and Al2O3MgO composite overlay (on APS YSZ) at 1250°C for 1 h: (a) and (b) surface secondary electron
micrographs illustrating the crystallization of CMAS due to thermochemical interaction with the
composite barrier overlay; (c) and (d) cross-sectional backscattered electron micrographs
demonstrating the complete suppression of CMAS ingression through crystallization; (e)
characteristic XEDS spectrum of region 1 confirm Diopside [Ca(Mg,Al)(Si,Al)2O6] as one of the
products of crystallized CMAS.
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Figure 4.: Microstructural evolution due to thermochemical interaction of V2O5 melt and Al2O3MgO composite overlay (on APS YSZ) at 900°C for 1 h: (a) surface secondary electron
micrograph showing the evolution of V-rich reaction products due to thermochemical interaction
with the composite barrier overlay; (b) characteristic XEDS spectrum of V-rich reaction products
[Mg2V2O7 and Mg3V2O8]; (c) cross-sectional backscattered electron micrograph demonstrating
the complete suppression of V2O5 ingression through formation of reaction products that have
melting temperature.
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4.7. Commercial TBCs modified with EPD Overlay
Commercial-production TBCs consisted of APS 8YSZ topcoat and LPPS CoNiCrAlY
bond coat on IN738LC superalloy substrate discs (1‖ in diameter) were modified with a
protective Al2O3 overlay through the EPD process. The process parameters (EPD and sintering
conditions) employed for overlay deposition on these commercial TBCs are the same parameters
used for the EPD-Al2O3 overlay on free-standing APS YSZ coatings. Using 1-hour thermal
cyclic exposure testing at 1100°C without any corrosive deposit, TBCs with and without a 75 μm
thick EPD Al2O3 overlay were found to possess a similar coating durability. As presented in Fig.
4.66, the average TBC lifetime that is defined as the number of thermal cycles for the failure of
the YSZ topcoat (a minimum of 50% area spallation), for TBCs with and without Al2O3 overlay,
was found to be 191 and 196 cycles, respectively.

Figure 4.: Plot of average lifetime of TBCs with and without EPD Al2O3 overlay assessed
through 1-hour thermal cyclic exposure testing at 1100°C under the absence of any corrosive
deposit.
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Typical APS TBC failure, a complete spallation of the YSZ topcoat, was observed for all
commercial TBCs (with and without alumina overlay). Macrographs shown in Fig. 4.67
demonstrate the promising durability of EPD alumina overlay. TBC with alumina overlay that
failed through delamination of the YSZ topcoat after 196 ―1-hour‖ thermal cycles revealed the
promising structural integrity of EPD overlay. A completely intact Al2O3 overlay was found on
the spalled YSZ topcoat. Figure 4.67 also shows the failure of TBCs without a protective
overlay, which is a typical APS TBC failure through a complete YSZ spallation.

Figure 4.: Macrographs of commercial TBCs with and without EPD Al2O3 overlay before and
after failure during 1-hour thermal cyclic exposure at 1100°C under the absence of any corrosive
deposit.
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Cross-sectional backscattered electron micrographs of TBCs without protective overlay
after failure are presented in Fig. 4.68. Typical APS TBC failure through a complete
delamination of the YSZ, which resulted from the crack initiation within the YSZ topcoat close
to the YSZ/TGO interface followed by link-up of these in-plane cracks, is evident. The bond coat
was found to be completely -NiAl-depleted  phase.

Figure 4.: Cross-sectional backscattered electron micrographs of commercial TBC without EPD
Al2O3 overlay failed after an average lifetime of 191 ―1-hour‖ cycles at 1100°C.
In the case of TBCs with a 75 μm-thick EPD Al2O3 overlay that failed after a lifetime of
196 ―1-hour‖ cycles at 1100°C, the TBC failure was found to be similar: complete delamination
of the YSZ topcoat due to link-up of in-plane cracks within the YSZ. The promising durability of
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EPD alumina overlay is clearly demonstrated in Fig. 4.69, which highlights the intact EPD
alumina overlay even after TBC failure. Even though localized in-plane cracks within the EPD
Al2O3 overlay are observed, a completely adherent overlay was present throughout the entire
cross-section.

Figure 4.: Cross-sectional backscattered electron micrographs of commercial TBC modified with
a 75 μm thick EPD Al2O3 overlay failed after a lifetime of 196 ―1-hour‖ cycles at 1100°C.
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CHAPTER 5: DISCUSSION
5.1. Degradation of APS YSZ by Molten Deposits due to Fuel Impurities
5.1.1. Degradation of APS YSZ by V2O5 Deposit
Below the melting temperature of V2O5 (Tm = 690°C), the APS YSZ was found to be
chemically inert against any V2O5 attack with no evidence of solid-solid interaction. Between
690°C and 747°C, the APS YSZ was found to degrade by molten V2O5 through solid-liquid
thermochemical interaction. Formation of zirconium pyrovanadate (ZrV2O7) as the only reaction
product was associated with degradation mechanism. ZrV2O7 formation is expected to enrich the
YSZ with yttria due to selective reaction of ZrO2 with V2O5. Enrichment of the YSZ with yttria
should consequently promote the formation of yttria-rich fluorite-cubic ZrO2 phase [63].
However, results from this study suggest that ZrV2O7 formation was found to be not associated
with ZrO2 phase transformation. The YSZ phase constituent was observed to be the tetragonal
ZrO2 (ť-ZrO2) phase after V2O5 attack at temperatures between 690°C and 747°C within our
experimental durations. One of the reasons attributing to this reaction mechanism with no ZrO2
phase transformation could be the slow reaction kinetics involved in the formation of cubicZrV2O7 as reported earlier [128]. However, the slow reaction kinetics is not reflected in the
results from the cross-sectional microstructural analysis in this study. A significant amount of
ZrV2O7 formation with the presence of unreacted V2O5 melt, as observed in the YSZ exposed to
V2O5 melt at 720°C even for a short duration of 30 minutes (Fig. 4.5) suggests that the
thermochemical interaction is not slow at 720°C. The reaction product ZrV2O7 might contain the
yttria stabilizer as a solid solution with Y3+ substituting Zr4+ cations. Thus from the observed
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mechanism of ZrV2O7 formation with no evidence of ZrO2 phase transformation, degradation of
the YSZ due to molten V2O5 attack below 747°C occurred through preferential consumption of
ZrO2 of the YSZ that might have resulted in only a minor enrichment of unreacted YSZ with
yttria content.
Experimental results on the YSZ exposed to V2O5 melt at temperature above 747°C
confirm a completely different degradation mechanism. Reaction of V2O5 with yttria stabilizer to
form yttrium vanadate (YVO4) was observed to be the thermochemical interaction at temperature
above 747°C. A significant tetragonal-YVO4 formation led to the disruptive zirconia phase
transformation (ťtm+f) to monoclinic (m) ZrO2 phase. YVO4 that occurs as a minimally
soluble precipitate is highly stable up to 1810°C, and acts as a low activity sink that would leach
the yttria stabilizer from the YSZ [129].
The two different reactions observed could be explained based on the melting behavior of
the reaction product, ZrV2O7. According to the studies reported on ZrO2 – V2O5 system, the only
compound found to exist in the system was zirconium pyrovanadate (ZrV2O7) [27]. ZrV2O7
melts incongruently at 747°C to ZrO2 and a liquid mixture with composition of 64% V2O5 +
36% ZrO2 [128, 130]. This incongruent melting gave rise to the different reactions observed in
this study, at a temperature of 800°C and 720°C (i.e., above and below the incongruent melting
temperature, respectively). At temperatures above 747°C, liquid V2O5 resulting from the
incongruent melting of ZrV2O7 as well as the remaining unreacted V2O5 melt directly reacts with
Y2O3 stabilizer of YSZ to form YVO4. XEDS spectra obtained from the solidified V-rich residue
in the YSZ after exposure to V2O5 melt at 800°C (YVO4 formation temperature regime)
contained a large amount of Zr and V, which may have resulted from the incongruent melting of
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ZrV2O7. In addition, pure solid ZrO2 resulting from the incongruent melting of ZrV2O7 would be
composed of monoclinic ZrO2 phase.
Reactions 1 and 2 given below represent the solid-liquid thermochemical degradation
mechanisms of YSZ by molten V2O5 at temperature below and above 747°C, respectively.

ZrO2 (s) (in YSZ) + V2O5 (l) → ZrV2O7 (s) + ZrO2 (s) (ť in YSZ) {for T < 747 °C}

Eq. 5.1

Y2O3 (s) (in YSZ) + V2O5 (l) → 2 YVO4 (s) + m- ZrO2 (s)

Eq. 5.2

{for T > 747 °C}

Aforementioned, the V2O5 in reaction 2 comes from the incongruent melting of ZrV2O7
and the initially applied, remaining V2O5.
In order to support the argument on YVO4 formation that is expected to occur above
747°C, various hot corrosion tests were performed at temperatures ranging from 750°C to 900°C
for different exposure periods. It was found that the formation of YVO4 is the predominant
reaction mechanism for all temperatures above 747°C leading to the consequent phase
transformation.
Although the available literature reports the YVO4 formation as the only chemical
interaction between the YSZ and V2O5 [35-40] at high temperatures, this study confirmed the
preferential consumption of ZrO2 of YSZ by V2O5 melt form ZrV2O7 at lower temperature (T <
747°C).
In this study, an attempt was made to investigate the reaction kinetics associated with the
degradation of the YSZ by V2O5 melt at temperatures above 747°C through YVO4 formation and
destabilization of the YSZ (ťtm+f). Evolution of m-ZrO2 as a function of exposure time as
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discussed in Chapter 4 (Fig. 4.10) was examined. The YSZ samples exposed to V2O5 melt at
three different temperatures (T = 750°C, 760°C and 770°C) for various duration up to 120
minutes were thoroughly analyzed by XRD. The volume fraction (Vm) of m-ZrO2 phase
transformed due to the aforementioned degradation mechanism (YVO4 formation) was
quantified from XRD spectra based on the relative peak intensities of m ( 1 11 ), m (111), t (101)
and/or c(111) using the relation proposed by Garvie [131]:

Vm 

I (11 1 ) m  I (111) m
I (11 1 ) m  I (111) m  I (111) t ,c

Eq. 5.3

Evolution of m-ZrO2 after high-temperature isothermal exposure at temperatures above
1450°C and the phase transformation kinetics have been studied by Clarke et al. using the classic
Avrami–Johnson–Mehl–Kolmogorov

(AJMK)

type

mechanism-based

phenomenological

expression [132, 133]. Typical AJMK expression for phase transformation kinetics can be
written as:
f = 1- exp (-k tn)

Eq. 5.4

where, f is the volume fraction, t is the annealing time, n is the Avrami exponent, which
is a constant dependent on the phase transformation and crystallization mechanism, and k is the
temperature-dependent reaction rate constant that follows Arrhenius-type temperature
dependence. Thus, k(T) can be written as:

k (T )  k 0 exp( 

QA
)
RT

Eq. 5.5

where k0 is the pre-exponential Arrhenius constant, QA is the activation energy, R is the
universal gas constant and T is the reaction temperature (K).
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In order to examine the phase transformation kinetics associated with the evolution of
monoclinic ZrO2 that resulted from YVO4 reaction product formation, volume fraction of mZrO2 evolved (fm) was normalized (fm/fm (max)) using the value obtained at infinite long time
(fm (t=)). For a specific isothermal reaction temperature, the normalized volume fraction of mZrO2 (fm(t)) calculated using the XRD results from the YSZ exposed to various durations were
plotted against time as presented in Fig. 5.1. AJMK expression for mechanisms involving an
incubation period () can be written as:

fm = 1- exp (-k (t-)n)

Eq. 5.6

Such an incubation period was observed in YSZ-V2O5 degradation reaction mechanism at
750°C and 760°C. At a relatively higher temperature of 770°C, the incubation period was
negligible. For phase transformation kinetics following AJMK type expression (Eq. 5.6), it has
been a common practice to plot ln ln (1/(1-f)) vs. ln (t-), which should follow a linear relation.
Thus the Avrami exponent (n) and temperature-dependent rate constant (k) can be deduced. Such
plots gave the values of n and k for all three temperatures, which were used to fit the data plotted
in Fig. 5.1. The AJMK type expression was fitted as shown in Fig. 5.1. The constants and the
incubation period for the degradation associated with V2O5 attack on the YSZ at three different
temperatures are also listed in Table 5.1.
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Figure 5.: Plot of volume fraction of monoclinic zirconia phase (fm) vs. exposure duration (t)
associated with V2O5 attack of YSZ at three different temperatures and the corresponding AJMK
expression-fit.

Table 5.: The constants and the incubation period for the degradation mechanism associated with
V2O5 attack of YSZ at three different temperatures.
k
Incubation
Exposure
Avrami
1/k
(TemperatureTemperature
Exponent
Period 
dependent rate
(°C)
n
(minutes)
constant)
750°C

0

12

0.83333

1.5

760°C

2

30

0.33333

1.5

770°C

5

60

0.16666

1.5
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Values of temperature-dependent rate constant (k) determined at three different
temperatures were employed to derive the Arrhenius-type phenomenological expression using
the plot ln (k) vs. 1/T as shown in Fig. 5.2. This plot yields the activation energy (QA) for the
degradation reaction (m-ZrO2 evolution due to YVO4 formation), which was calculated to be 713
kJ/mol. It is worth mentioning that even though, similar attempts have been taken to derive the
thermodynamic information associated with m-ZrO2 phase evolution due to ZrO2 destabilization
during high-temperature aging at T>1400°C [132, 133], there is no existing report on such
thermodynamic information related to hot corrosion attack of the YSZ based ceramics. The
reported activation energy values for ťtm+f phase transformation are close to 100 kJ/mol
[60], a value similar to the activation energy for oxygen vacancy diffusion. A high activation
energy estimated from this study, could be attributed to the YSZ dissolution mechanism that
results in phase transformation during molten deposit interaction. Phase transformation
mechanisms associated with molten deposit interaction is not yet clearly understood [134]. YSZV2O5 interaction has been understood as a general YSZ dissolution mechanism followed by
preferential YVO4 formation and reprecipitation to yttria-poor m-ZrO2 phase. This has been
demonstrated by the change in microstructure of YSZ after interaction with V2O5 melt, where
typical lamellar microstructure was absent. The temperature-dependent rate constant (k) is also
plotted against T as shown in Fig. 5.3. This clearly reveals the Arrhenius-type dependence along
with an expression:

k (T )  4.35 x1034 exp( 

713524
)
RT

Eq. 5.7.
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Figure 5.: Plot of ln (k) vs 1/T shows the Arrhenius type temperature dependence of the rate
constant (k).

Figure 5.: Plot of temperature-dependent k vs. temperature (T) and the derived Arrhenius
relation.
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The Avrami exponent (n) typically yields an information about the phase transformation
and nucleation and growth mechanisms. A value of n less than 2 is usually expected for phase
transformation mechanism with a decreasing nucleation rate, when the growth mechanism is
diffusion controlled [135]. In this case, an Avrami exponent of 1.5 was estimated for all three
temperatures, where the phase transformation mechanism was controlled by the thermochemical
reaction between the solid YSZ and V2O5 melt. It should be noted that the YSZ destabilization
observed in this V2O5 attack is solely due to the preferential depletion of yttria stabilizer due to
YVO4 formation. Such a low value of n can be expected when the polymorphic phase
transformation mechanism is reaction-controlled.
5.1.2. Degradation of APS YSZ by P2O5 Deposit
During rapid heating, P2O5 melts at 340°C and sublimes at 360°C. However, P2O5 could
undergo phase transition to other polymorphs during gradual heating [136] and sublimes at a
relatively lower temperature of 200°C. Although phosphorus was expected to behave similar to
vanadium in degrading the YSZ, the only reaction mechanism observed between YSZ and P2O5
was the formation of zirconium pyrophosphate (ZrP2O7). This reaction enriches the YSZ with
yttria content and thus zirconia existed as yttria rich zirconia phase (fluorite-cubic). Thus the
YSZ – P2O5 interaction can be expressed by:

ZrO2 (s) (in YSZ) + P2O5 (l) → ZrP2O7 (s) + c - ZrO2 (s) (yttria rich)

Eq. 5.8

Similar results were observed for temperature as low as 200°C due to the thermal
instability of P2O5 as discussed above. Samples tested in molten P2O5 at elevated temperatures of
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1200°C also showed similar reaction product due to the fact that ZrP2O7 is stable up to 1500°C
[137]. P2O5 melts, infiltrates the YSZ, and reacts with ZrO2 of the YSZ before it sublimes even
in testing conditions with a rapid heating rate to the desired high testing temperature.
Chemical interaction of P2O5 with the YSZ has not been understood. Jones [12] had
reported a speculative argument on the degradation of the YSZ by P2O5. Formation of ZrP2O7
can be expected to be the dominant degradation mechanism. It was also speculated that Y2O3
stabilizer could directly react with P2O5 to form YPO4 similar to the widely known YVO4
formation in YSZ-V2O5 interaction [12]. However, this study concludes that there is no reaction
involving Y2O3 stabilizer, and the only degradation reaction between the YSZ and P2O5 was
found to be the formation of ZrP2O7 with a subsequent phase transformation of ť-ZrO2 to yttria
rich fluorite cubic (f) phase.

5.1.3. Degradation of YSZ by molten Na2SO4
ZrO2 itself has been well-known to be chemically inert against molten Na2SO4 attack.
ZrO2 based ceramics have been employed as an inert electrode material for high-temperature hot
corrosion studies in corrosive sulfate medium (Na2SO4-K2SO4) [138]. However, YSZ could still
undergo hot corrosion attack through preferential depletion of Y2O3 stabilizer by highly acidic
SO3 of Na2SO4 melt. Even though a destabilization reaction mechanism resulting in Y2(SO4)3
formation, which is similar to the YVO4 formation as discussed earlier, has been speculated, no
microstructural observation exist in literature. This study revealed the limited degradation on
YSZ by Na2SO4 melt resulting in the evolution of m-ZrO2 phase. For a duration of 100 h at
1000°C exposure temperature, at an accelerated hot corrosion test (50 mg/cm2) in an
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encapsulated testing holder, only a minor evolution of m-ZrO2 at a content less than 0.05 volume
fraction was observed as presented in Chapter 4.2.3. It should be noted that presence of Na2SO4
with SO3 (g) at a relatively high partial pressure could destabilize the YSZ by reacting with Y2O3
stabilizer to form Y2(SO4)3 [28]. The acidic dissolution of yttria stabilizer by SO3 melt of
Na2SO4, which is expected to be the only thermochemical degradation mechanism between the
YSZ and Na2SO4, can be written as:
ZrO2 (s) (in YSZ) + SO3(l) (in Na2SO4(l)) → Y2(SO4)3 (s) + m - ZrO2 (s) (yttria depleted) Eq. 5.9

5.1.4. Degradation of YSZ by Molten Na2SO4 + V2O5 mixture (50 – 50 mol. %)
Na2SO4 itself was found to have negligible thermochemical interaction with the YSZ at
elevated temperature. The dissociation reaction of Na2SO4 at elevated temperature is given by:
Na2SO4 (l) → Na2O (l) + SO3 (g)

Eq. 5.10

In the presence of V2O5, this Na2O in liquid state tends to form vanadates of sodium such
as sodium metavanadate (NaVO3) as seen in the equilibrium phase diagram presented in Fig. 3.4
[127]. Formation of NaVO3 (Tm = 610°C) can be written as:
Na2O (l) + V2O5 (l) → 2 NaVO3 (l)

Eq. 5.11

The degradation of the YSZ by molten Na2SO4 in the presence of V2O5 as investigated in
this study using a 50-50 wt.% Na2SO4-V2O5 mixture demonstrated a significant degradation of
the YSZ through destabilization that is attributed to the yttria depletion similar to that of YSZ–
V2O5 interaction (at temperature above 747°C). However, YVO4 formation and YSZ
destabilization (ťtm+f) was found to occur at temperature as low as 700°C when sodium
vanadates form due to the presence of both V2O5 and Na2SO4. This was observed to be the only
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degradation mechanism of the YSZ due to thermochemical interaction with Na2SO4-V2O5
mixture (or NaVO3). Equation 5.12 given below represents the degradation mechanism of the
YSZ by NaVO3, which is consistent with the findings reported earlier [43, 47].
Y2O3 (s) (in YSZ) + 2 NaVO3 (l) → 2 YVO4 (s) + m- ZrO2 (s) + Na2O (l)

Eq. 5.12

5.2. Degradation of APS YSZ by Molten CMAS Deposits
CMAS being a critical threat to the turbine materials system in aero-propulsion
applications, all previous studies only focused in examining the degradation of EBPVD YSZ by
CMAS melt. Even though the thermochemical interaction between the YSZ and CMAS would
remain the same irrespective of the microstructure, APS YSZ with high relative density can be
expected to be more-resistant to CMAS attack. In this study, it was revealed that the CMAS,
being low-viscous and having a better wetting property, readily infiltrated the APS YSZ through
the interconnected cracks and pores at exposure temperatures starting at 1250°C. Cross-sectional
microstructural analysis revealed a similar microstructure for all the YSZ samples that suffered
CMAS attack at temperatures above 1250°C. This suggests that the degradation mechanism
remains the same at all exposure temperatures, once the CMAS deposit melts at T > 1250°C. The
accumulation of CMAS melt in the interconnected pores and cracks of the YSZ coatings resulted
in a gradual dissolution of the YSZ in CMAS melt followed by reprecipitation of ZrO2 grains
during solidification with a different microstructure and composition based on the local melt
chemistry. XRD as well as selected area electron diffraction patterns obtained from the CMAS
infiltrated APS YSZ (1300°C for 4h) specimens revealed the disruptive phase transformation of
metastable tetragonal zirconia (ť-ZrO2) to monoclinic + cubic zirconia (ť  t+f  m+f). XRD
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results also revealed that the YSZ surface exposed to CMAS had greater volume fraction of mZrO2 phase. The other surface of the free-standing YSZ to which, the CMAS melt reached
through infiltration through the YSZ thickness, was found to possess a significant amount of
yttria-rich cubic ZrO2 phase. This discrepancy in phase transformation to Y2O3-poor monoclinic
ZrO2 and Y2O3-rich cubic ZrO2 phases is attributed to the variation in local content of the Y2O3
stabilizer from the original YSZ solid solution during reprecipitation. This argument is in
agreement with the earlier reported literature [30]. The Y2O3-rich cubic ZrO2 phase at the bottom
surface is due to the enrichment of Y2O3 in the CMAS melt during its infiltration through the 300
μm-thick YSZ.
The available literature on the degradation of EB-PVD YSZ by CMAS melt reported
similar thermochemical interactions. The dissolution of YSZ by CMAS melt followed by
reprecipitation of ZrO2 grains with a globular microstructure has been observed [30]. Similarly,
in this study, the surface and cross-sectional microstructural observations reveal the spherical
morphology of the reprecipitated ZrO2 grains. Site-specific samples from the YSZ specimen
exposed to CMAS melt at 1350°C, was prepared by FIB-INLO for a thorough investigation by
TEM. Selected area electron diffraction confirmed these reprecipitated grains to be monoclinic
ZrO2 phase. XEDS analysis performed using TEM as well as SEM further revealed the presence
of Y and Zr in the solidified CMAS melt. Few local regions of the CMAS residue was found to
have a significantly higher Y:Zr (8:1) content (atomic ratio) compared to the desired ratio of 1:12
in the bulk YSZ of the 7-8 YSZ coatings. Few localized spots were identified to be extremely
richer in Y content. Thus the mechanism of YSZ dissolution by CMAS followed by
reprecipitation of ZrO2 with a composition based on the local melt chemistry that resulted in the
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evolution of yttria-poor m-ZrO2 as well as yttria-rich f-ZrO2 phases is determined to be the hightemperature thermochemical degradation mechanism between the APS YSZ and CMAS melt.

5.3. Degradation of APS CoNiCrAlY by Molten Deposits from Fuel Impurities
5.3.1. Degradation of APS CoNiCrAlY by V2O5 Deposit
Free standing APS CoNiCrAlY coatings exposed to V2O5 melt exhibited two different
degradation mechanisms at temperatures of 900°C and 700°C. V2O5 is a strong acidic oxide, and
acidic dissolution of protective oxide scale in oxidation/hot corrosion resistant materials had
been studied earlier [102, 139]. In general, trivalent protective oxides such as Cr2O3 and Al2O3
would behave as basic oxides in the presence of a strong acidic medium, and would readily be
dissolved in an acidic medium such as V2O5 melt. The reaction product due to the dissolution of
trivalent oxides (M2O3, M = Al or Cr) by V2O5 melt could be represented as MVO4 (M = Al or
Cr). In this investigation, at 700°C, V2O5 melt was found to react with such trivalent protective
oxide to form substitutional-solid solution type chromium-aluminum orthovanadate (Cr,Al)VO4.
The shape of this reaction product crystallized out on the surface was dependent on the Al/Cr
ratio in (Cr,Al)VO4. Al-rich product was found to be thin large platelets and Cr-rich vanadate
product was found to be uniformly fine disc-shaped. At elevated temperatures, these metal
orthovanadates (Tm: AlVO4 = 695°C, CrVO4 = 810°C) melt, which promote further reaction with
coating constituents [102]. At 700°C, the infiltration rate was dominant compared to the
dissolution rate for V2O5 melt. Accumulation of V2O5 melt was clearly visible at the bottom
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surface of free standing coating, which subsequently can interact with the underlying superalloy
substrate in a typical TBC system.
Instability of the metal orthovanadates above 810°C implies that there will be a different
interaction between CoNiCrAlY and V2O5 melt at 900°C. Interaction of V2O5 melt at 900°C for
2 h revealed the extensive consumption of CoNiCrAlY constituents through the formation of
nickel-cobalt orthovanadate, (Ni,Co)3(VO4)2, a substitutional solid solution orthovanadate
product. The metal orthovanadates of Ni and/or Co are stable up to 1300°C [102]. Additional
interaction at 900°C observed was the extensive formation of spinel oxides. Dissolution rate of
coating by V2O5 melt was greater than the infiltration rate, and no residual V2O5 melt was
observed. The V2O5 melt extensively consumed the CoNiCrAlY by forming a reaction scale 100
µm in thickness at 900°C after 2 h. This region was found to have reaction products such as
cobalt-nickel

orthovanadate

(Co,Ni)3(VO4)2,

yttrium

vanadate

(YVO4)

and

spinel,

(Ni,Co)(Al,Cr)2O4. This reaction scale could also have resulted from the formation and
subsequent melting of other unstable metal orthovanadates such as AlVO4 and CrVO4. Thus the
V2O5 - CoNiCrAlY interaction could be explained by the following reactions:

(Al2O3, Cr2O3) (s) + V2O5 (l) → 2 (Cr,Al)VO4 (s)

{for T = 700°C}

Eq. 5.13

3 (NiO, CoO) (s) + V2O5 (l) → (Co,Ni)3(VO4)2 (s)

{for T = 900°C}

Eq. 5.14

These degradation reactions were observed to consume CoNiCrAlY that was preoxidized
in order to have an appreciably thick TGO (α – Al2O3) scale as protective oxide scale. Thus a
significant degradation of CoNiCrAlY by acidic V2O5 attack can be generalized by using the
equations 5.13 and 5.14, irrespective of the oxidized microstructure of CoNiCrAlY.
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5.3.2. Degradation of APS CoNiCrAlY by P2O5 Deposit
Formation of two different phosphates was observed as a result of the interaction between
pre-oxidized APS CoNiCrAlY and P2O5 melt with a significant consumption of CoNiCrAlY.
P2O5 melt had been classified as strongly acidic oxide and hot-corrosion is typically controlled
by Lewis acid-base oxide reactions, where oxides of acidic and basic nature interact readily [12].
Both NiO and CoO are basic oxides, where as Al2O3 and Cr2O3 are classified as amphoteric
oxides, which would act as basic oxides in a strongly acidic medium and vice-versa. Thus P2O5
was found to readily react with oxides of Ni, Co, Al and Cr to form phosphate reaction products
such as (Ni,Co)(PO3)2 and (Cr,Al)(PO3)3. These phosphates could be classified as divalent-cation
polyphosphates (MII(PO3)2, where M = Ni and/or Co) and trivalent-cation polyphosphates
(MIII(PO3)3, where M = Al and/or Cr). The divalent-cation polyphosphates are usually stable up
to the melting point, where as trivalent-cation polyphosphates such as (Al,Cr)(PO3)3 decomposes
to monophosphates [(Al,Cr)PO4] above 1000°C [138]. The P2O5 - CoNiCrAlY interaction could
be expressed by the following reactions:

(NiO, CoO) (s) + P2O5 (l) → (Ni,Co)(PO3)2 (s)

Eq. 5.14

(Al2O3, Cr2O3) (s) + 3 P2O5 (l) → 2 (Cr,Al)(PO3)3 (s)

Eq. 5.15

These reactions resulted in the extensive consumption of CoNiCrAlY by P2O5 melt.
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5.3.3. Degradation of APS CoNiCrAlY by Na2SO4 Deposit
Hot corrosion resistance of MCrAlY coatings against fused Na2SO4 salt film attack is
expected to be superior because of the high Cr content and the excellent chromia forming ability.
However, MCrAlY coatings that were primarily developed as an oxidation resistant overlay
coating or bond coat in TBCs were designed to form alumina in order to provide excellent
oxidation resistance. In this study, exposure of APS CoNiCrAlY specimens both in as-sprayed
and preoxidized state was thoroughly examined to investigate the degradation mechanisms by
Na2SO4 salt film. Test temperature from 900°C to 1000°C was above the melting point of
Na2SO4 (Tm = 880°C) in order to investigate the Type I hot corrosion mechanisms.
The APS CoNiCrAlY in as-sprayed condition suffered severe attack by molten Na2SO4.
A significant formation of sulfide reaction products such as chromium sulfide (Cr2S3) and
substitutional solid solution type nickel-cobalt sulfide, (Ni,Co)S were observed from the surface
and cross-sectional microstructural analysis. Direct contact of metallic CoNiCrAlY with
corrosive Na2SO4 molten film resulted in consumption of coating constituents through sulfide
formation. Besides, the APS CoNiCrAlY in as-sprayed condition was found to be susceptible to
molten salt film infiltration. Accumulation of corrosive molten salt in the intersplat boundaries
was found to degrade the coating extensively by sulfide formation via:

4 Cr (s) + 6 SO3 (l) (in Na2SO4 (l)) → 2 Cr2S3 (s) + 9 O2 (g)

Eq. 5.16

2 (Ni, Co) + 2 SO3 (l) (in Na2SO4 (l)) → 2 (Ni,Co)S (s) + 3 O2 (g)

Eq. 5.17
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The sulfide formation reactions are associated with oxygen evolution. These reactions
occurring at the intersplat boundaries of APS CoNiCrAlY subsequently results in an increase in
local pO2 , which leads to a significant internal oxidation. Thus the observed mechanism of
accelerated internal alumina formation associated with the sulfide formation (Cr2S3 and
(Ni,Co)S) during the high-temperature exposure of as-sprayed CoNiCrAlY to corrosive molten
Na2SO4 resulted in a significant consumption of the APS CoNiCrAlY coating constituents.
Even though MCrAlY-type coatings are expected to be superior in hot corrosion
resistance than typical superalloys, preoxidized CoNiCrAlY was found to degrade against molten
sulfate attack. Porous (Al,Cr)2O3 mixed oxide as one of the surface oxide scale constituents, a
characteristic of classical hot corrosion mechanism [10], was evident from the investigation of
preoxidized CoNiCrAlY exposure to Na2SO4 melt. Sulfate salt can dissolve the protective oxide
scale through acidic and basic fluxing hot corrosion mechanisms. The relative solubilities of
protective oxide scale (e.g., Al2O3, Cr2O3, SiO2) in Na2SO4 melt have been well-documented as
discussed in Chapter 2. Although alumina and chromia exhibit minimum solubilities in Na2SO4
melt at similar salt basicities ( a( Na2 O) ), chromia scales are typically preferred over alumina for
hot corrosion protection [7]. Basic fluxing of alumina (NaAlO2 formation) typically results in a
shift in basicity ( a( Na2 O) ) of Na2SO4 melt, where increased solubility of alumina occurs. This
accelerates the hot corrosion attack and the reprecipitation of porous alumina as a outer surface
scale due to supersaturation of alumina in Na2SO4 melt and results in non-protective alumina
scale formation as a porous surface scale. Thus, a progressive inward attack of metallic specimen
by Na2SO4 melt could occur until the ingression is completely arrested. On the other hand, Cr,
existing in two different valence states (+3 and +6), basic fluxing of Cr2O3 protective oxide scale
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can result in the formation of two different sodium chromate products (NaCrO2, Na2CrO4) [7,
10]. Solubility of Cr2O3 is higher in Na2CrO4 (external scale) and relatively lower in NaCrO2
(internal scale) and thus helps arrest the progressive hot corrosion attack without reprecipitating
as a porous oxide [7].
Experimental results from exposure of preoxidized CoNiCrAlY to Na2SO4 melt at
1000°C confirmed the presence of porous (Cr,Al)2O3

as one of the surface oxide scale

constituents. This result suggests that the basic fluxing of protective alumina scale occurred
followed by the enrichment of chromia as the surface oxide scale constituent. Subsequently the
precipitation of porous (Cr,Al)2O3 can occur. Moreover, due to the high alumina forming ability
of CoNiCrAlY, the thick protective alumina itself protected the underlying coating constituent
from type I Na2SO4 hot corrosion attack. The reactions that describe the basic fluxing
mechanism are:

Na2O (Na2SO4)(l) + Al2O3 (s) → 2 NaAlO2 (s)

Eq. 5.18

Na2O (Na2SO4)(l) + Cr2O3 (s) → 2 NaCrO2 (s)

Eq. 5.19

4 Na2O (Na2SO4)(l) + 2 Cr2O3 (s) + 3O2 → 4 Na2CrO4 (s

Eq. 5.20

Potassium sulfate, K2SO4 is also widely considered as one of the major corrosive species
that can degrade the turbine components. In most cases, K2SO4 had been documented to degrade
the high temperature materials system very similar to Na2SO4. Thus, K2SO4 was not considered
in this study. However, CaSO4, due to an increase in Ca content in alternative fuels and the CaO
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rich ash after combustion, was examined as a part of this study as discussed in the following subsection.

5.3.4. Degradation of APS CoNiCrAlY by CaSO4 Deposit
CaSO4 is another threat that can deposit on to hot section turbine components during the
use of alternative fuels rich in Ca content. Experimental results from preoxidized CoNiCrAlY
exposed to CaSO4 melt at 1000°C demonstrate the predominant degradation to be the basic
fluxing hot corrosion. Both protective oxides, Al2O3 and Cr2O3 were found to be dissolved by
CaSO4 primarily through basic fluxing resulting in the formation of CaAl2O4 and CaCrO4. A 30
μm thick scale was found to be composed of two different reaction products, CaAl2O4 and
CaCrO4. Thus, the preoxidized CoNiCrAlY was found to be more susceptible to hot corrosion by
CaSO4 than Na2SO4. Appreciably thick reaction scale without the protective TGO suggests that
the solubility of Al2O3 in CaSO4 shifted the melt basicity that might further increase the
solubility of alumina. Thus progressive basic fluxing might have occurred. Presence of porous
NiO and Cr2O3 was also observed in the 30 μm-thick scale. The primary reactions involved in
these basic fluxing mechanisms can be described by:

CaO (CaSO4)(l) + Al2O3 (s) → CaAl2O4 (s)

Eq. 5.21

CaO (CaSO4)(l) + Cr2O3 (s) → CaCr2O4 (s)

Eq. 5.22

CaO (CaSO4)(l) + Cr2O3 (s) + 2 O2 (g) → 2 CaCrO4 (s)

Eq. 5.22
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5.3.5. Degradation of APS CoNiCrAlY by NaVO3 Deposit
In order to understand the degradation by Na2SO4+V2O5 mixture, the APS CoNiCrAlY
specimens, both in as-sprayed and preoxidized condition were exposed to sodium metavanadate,
NaVO3 deposit at 900°C. NaVO3 is less acidic in nature compared to V2O5, and suggests that the
degradation will not be as severe as observed during exposure to V2O5 melt. The as-sprayed
CoNiCrAlY specimen suffered significant degradation by NaVO3 melt. A 40 μm-thick meltinteracted zone was observed on the CoNiCrAlY surface after an exposure of 5 h. A significant
dissolution of oxides of Al, Cr, Co and Ni by NaVO3 melt was evident. The melt-interacted zone
primarily consisted of V-rich solidified residue and spinel oxide [(Ni,Co)(Cr,Al)2O4]. Infiltration
of V-rich melt through the interconnected splat boundaries of as-sprayed CoNiCrAlY was also
evident. This is similar to V2O5 attack.

According to Lewis acid-base type hot corrosion

mechanism, acidic melt such as NaVO3 typically dissolves oxides of Al and Cr (Al2O3, Cr2O3) ,
which are amphoteric in nature, that could behave as basic oxides in a strong acidic medium.
Basic oxides of Ni and Co (NiO, CoO), can readily be dissolved in a strong acidic medium. The
extent of dissolution is dependent on the solubility limit of the corrosive melt. The as-sprayed
CoNiCrAlY was also found to show evidence of NiO on the surface after NaVO3 exposure.
Moreover, presence of spinel oxide as the primary constituents of the melt-interacted zone
suggests the reprecipitation of oxides as NiO and (Ni,Co)(Cr,Al)2O4 spinel due to supersaturation
in dissolved oxide content. The preoxidized CoNiCrAlY specimen exhibited superior resistance
against NaVO3 attack, unlike the extensive degradation observed during V2O5 exposure. The
oxide scale was found to consist of two layers, with the outer scale being the continuous spinel
oxide and the inner scale of α-Al2O3. The oxide scale, however, was found to be locally
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disintegrated. A direct contact of metallic CoNiCrAlY with the corrosive melt can readily result
in accelerated oxidation forming oxides of Al, Cr, Ni and Co, where these oxides dissolve at
different dissolution kinetics at various extents based on solubility limits. However, protective
oxides such as Al2O3 and Cr2O3 are less likely to be dissolved by a weak acidic melt such as
NaVO3. No evidence of basic fluxing was observed.

5.4. Degradation of APS CoNiCrAlY by Molten CMAS Deposits
The CMAS can melt at temperature starting 1150°C depending on the composition.
MCrAlY type coatings are typically not expected to experience temperatures above 1000°C.
Thus the CMAS attack of MCrAlY coatings never received any attention. However, use of lowquality alternative fuels such as bio-mass derived fuel and coal/petcoke fuel blend that can have
high ash content, could potentially generate deposits similar to CMAS composition. In this study,
the degradation of preoxidized CoNiCrAlY by CMAS melt at 1250°C was examined. Extensive
dissolution of the TGO (α-Al2O3) by CMAS melt associated with significant spinel formation
was found. Thin platelets were found to be embedded in the CMAS-interacted zone after
thermochemical interaction with preoxidized CoNiCrAlY. It has been reported that an increase
in Al content in CMAS would result in crystallization of CMAS glass to Anorthite platelets
(CaAl2Si2O8) [50]. Thus the dissolution of TGO by CMAS melt subsequently resulted in
crystallization of CMAS to Anorthite platelets. In addition to CMAS crystallization, an
accelerated oxidation of CoNiCrAlY in the presence of CMAS melt resulted in a significant
spinel oxide formation [(Ni,Co)(Cr,Al)2O4]. After a CMAS exposure at 1250°C for 5 h, a 40 μm
thick CMAS-interacted zone was observed on the preoxidized CoNiCrAlY. It is expected that
177

the degradation would progress until the CMAS melt is completely crystallized to Anorthite.
From this understanding of CMAS attack on CoNiCrAlY, where the phenomenon of CMAS
arrest through crystallization Anorthite by an increase in the Al content of CMAS, employing an
alumina based sacrificial overlay for TBCs was attempted towards finding a promising
mitigation approach to protect TBCs from CMAS attack. The various mitigation approaches
investigated as a part of this doctoral study will be discussed in the following sections.

5.5. Protection of YSZ TBCs against Molten Deposit Attack by Electrophoretically Deposited
Overlay
5.5.1. Rationale behind Selecting EPD as an Overlay Deposition Process for APS TBCs
Employing a protective environmental barrier overlay, in order to protect TBCs against
molten deposit-induced hot corrosion attack, gained a greater attention in recent years [44, 104,
105]. The overlay can be either an impermeable sealant-type coating or a sacrificial overlay that
can trap the corrosive deposits through thermochemical interactions. Use of an impermeable
overlay can greatly reduce the melt ingression into the porous YSZ topcoat of TBCs. On the
other hand, a sacrificial overlay can completely arrest the melt ingression by limiting the attack
within the overlay thickness. For the YSZ topcoat of TBCs that are generally processed by APS
or EBPVD, sacrificial oxide-type overlay coatings can also be deposited by APS or EB-PVD.
However, both of these techniques only produce coatings with significant volume defects such as
interconnected pores, cracks and intercolumnar gaps. A dense crack-free sacrificial coating with
uniformly distributed closed pores at a desired porosity, which possesses adequate adhesion
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strength, can be a durable protective barrier overlay for TBCs. On the other hand, sealant-type
impermeable overlay can be processed by various techniques such as sputtering, PVD, CVD,
which can also yield a dense overlay coating. However, in order to achieve a thicker overlay (10
μm - 25 μm), these techniques might not be cost-effective and yield a durable overlay for TBC
applications, where a long term exposure to aggressive combustion environment (e.g., cyclic
high temperature) is essential.
A dense protective barrier overlay of desired chemistry can act as
(i) a sacrificial overlay by trapping corrosive deposits via chemical interaction and
(ii) a semi-impermeable overlay with desired microstructure that can greatly reduce the
rate of melt ingression.
Such a protective overlay of uniform thickness, desired porosity with uniformly
distributed closed pores, can be readily achieved by electrophoretic deposition (EPD). EPD is a
highly cost-effective, versatile coating processing technique, where particle by particle uniform
deposition at a significantly high deposition rate can be easily achieved. However, in order to
obtain an overlay of desired porosity with superior adhesion strength, EPD requires a subsequent
densification step. Densification through a controlled sintering step with optimized sintering
conditions can yield a uniform, crack-free overlay composed of desired chemistry with
controlled thickness and porosity.
The starting surface roughness of the YSZ TBCs is also a critical characteristic that
dictates the durability of overlay processed by EPD. During sintering that follows EPD, the
deposited film can experience detrimental stresses. If the overlay film is sufficiently thin, the
stress distribution normal to the plane of the film surface can be considered uniform. The
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interfacial adhesion between the EPD overlay and the APS YSZ must be sufficiently high to
support the force balance. For a fixed interfacial strength, a critical film thickness can be found
above which the interface can no longer support the tensile stress, resulting in interface failure.
Moreover, failure by cracking can also be initiated within the film itself by the growth of
preexisting flaws. These flaws can easily form during drying. Thus, there are many critical
parameters that can affect the durability of sintered overlay. In general, the desired thick overlay
coating with good structural integrity at the interface and within the overlay itself can be
achieved through a careful drying prior to sintering: achieving a homogenous green structure; a
high packing density; superior interfacial adhesion and low sintering rates at low sintered
densities. EPD is the best cost-effective and scale-up ready coating processing technique that can
produce a durable ceramic overlay with these critical characteristics.

5.5.2. Rationale behind Selecting the EPD Process Parameters for Overlay Deposition
As explained in Chapter 2, EPD is primarily a two-step particle-deposition process;
electrophoresis, where charged particles are typically drifted under the influence of an electric
field, is followed by deposition - the coagulation of particles to a dense compact mass.
Parameters that determine the characteristics of EPD process are (i) those related to the
suspension and (ii) those related to the deposition process itself [114]. It is mandatory to prepare
a stable colloidal suspension in order to obtain a crack-free homogeneous deposit. Desired
characteristics for a stable suspension are low viscosity, high dielectric constant, and low
conductivity. For EPD of ceramics, organic solvent based suspension is typically used compared
to aqueous suspensions because of the low conductivity, higher density and good chemical
180

stability. Among the widely available organic solvents, acetone has the lowest viscosity ( =
0.3087 cP), which is one of the desired properties for a stable suspension with desired solid
loading. However, its dielectric constant of 20.7 is relatively low compared to that of other
organic solvents [114]. This would limit the charge density on particles in a suspension due to its
poor dissociation ability. Thus a mixture of acetone and ethanol was employed in this study,
where ethanol has a higher dielectric constant of 24.55 but a higher viscosity of 1.0885 cP [114].
Iodine was used as an additive in order to generate high proton density through chemical
reactions. Every molecule of acetone would react with iodine to yield two protons; where as each
molecule of ethanol would yield one proton during reaction with iodine according to the
respective chemical reactions:

CH3-CO-CH3 + 2 I2  ICH2-CO-CH2I + 2H+ + 2I-

Eq. 5.23

CH3-CH2-OH + I2  ICH2-CH2-OH + H+ + I-

Eq. 5.24

Thus a mixture of acetone and ethanol in a volume ratio of 1:1 was selected with an
optimized iodine concentration of 0.4 g/l based on earlier study [119]. This organic solvent
mixture with the I2 at specific concentration yielded a stable colloidal suspension after sufficient
ultrasonication and constant hydrodynamic agitation to some extent. An applied voltage of 20 –
30 V/cm was previously reported to produce a homogeneous oxide powder compact depending
on the volume ratio of acetone to ethanol [119]. Thus an applied voltage of 25 - 30 V/cm that
was employed in this study produced a thick and uniform deposit of the YSZ, Al2O3 and MgO
powders for deposition durations up to 10 minutes. After EPD, during drying, acetone having a
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high vapor pressure of 24,664 Pa (at 20 °C) tends to evaporate rapidly causing cracking due to
capillary effect, whereas the presence of ethanol having lower vapor pressure (5866 Pa at 20 °C),
helps avoid cracking because of relatively slower drying.
The EPD only provides a deposit of stable powder compact. Producing an adherent
coating with desired properties entails the use of a densification step after EPD. Thus in this
study, the deposited overlay coatings were subjected to a controlled sintering step (controlled
ramp rates, specific temperatures, and specific durations) depending on the sinterability of the
overlay material.
5.5.3. YSZ Overlay for APS YSZ TBCs by EPD
The YSZ overlay processed by EPD with the optimized parameters after careful drying
and sintering at 1300°C and 1350°C for 4 h, was found to be crack-free and homogeneous. At a
relatively higher sintering temperature of 1350°C for 4 h, a dense YSZ overlay coating was
produced as presented in Figs. 4.46 and 4.47. The dense continuous overlay coating fabricated
with promising adhesion strength would act as a sealant to the APS YSZ coatings to protect
against melt ingression. However, due to the fact that the YSZ is highly susceptible to hot
corrosion and CMAS-dissolution attack, employing an environmental barrier overlay of the YSZ
would not effectively mitigate the corrosive melt attack. In spite of the significantly reduced melt
ingression rate, a better protection against melt-induced attack requires a trapping of the
corrosive melt. The experimental results of this study also demonstrated the susceptibility of the
YSZ overlay to CMAS attack. Employing an overlay composed of another material for the APS
YSZ would be more challenging, since additional issues associated with the thermal expansion
mismatch and the sintering resistance must be addressed. Thus, in addition to the desired
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capability to trap corrosive species through thermochemical interactions, choice of overlay
material must consider other properties such as least thermal expansion mismatch with the YSZ,
sinterability, erosion resistance and fracture toughness.
5.5.4. Alumina Overlay for APS YSZ TBCs by EPD
Mitigation of the CMAS Attack by EPD Alumina Overlay
Alumina as an overlay ceramic for the APS YSZ TBCs can effectively protect TBCs
from CMAS attack. During thermochemical interaction with alumina, due to a shift in CMAS
glass composition by Al enrichment, CMAS melt can crystallize and its ingression can be
arrested [50]. The highly stable and durable alumina/YSZ interface is also well-known from the
YSZ/TGO interfacial characteristics. Therefore, alumina can be a highly durable material for use
with the YSZ during high temperature cyclic exposure. Experimental results of this investigation
on producing alumina overlay by EPD followed by controlled sintering step, demonstrated the
ability to produce a durable, crack-free, uniformly thick, homogeneous alumina overlay with
controlled thickness and porosity. Alumina green compact with superior packing homogeneity
and high packing density processed by EPD also potentially lowered the temperature and time
required for sintering. In this study, a relative density of ~95% was achieved for the EPD
alumina overlay after sintering at 1200°C for 10 h. Starting powder size can be also minimized to
accelerate the densification step. It is worth mentioning that use of smaller (e.g., nano) powders
and innovative sintering techniques can help reduce the temperature and time of sintering, and
minimize any degradation of TBCs and underlying metallic components during post-EPD
processing.
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The APS YSZ with dense alumina overlay was found to be a promising CMAS-attackresistant coating system. During the CMAS exposure, due to the absence of interconnected
pores/cracks in dense alumina overlay, a direct thermochemical interaction via dissolution of
alumina by CMAS melt was found to dominate over the mechanism of CMAS melt infiltration.
Crystallization of CMAS to anorthite (Tm: 1553°C) and MgAl2O4 spinel (Tm: 2135°C) during
thermochemical interactions with alumina completely arrested the CMAS melt ingression. Based
on the available equilibrium CaO-SiO2-Al2O3 ternary phase diagram, presented in Fig. 5.4,
typical CMAS glass composition without considering the Mg content falls in pseudowollastonite field, whose glass composition is difficult to crystallize [50]. Enrichment of Al
content in CMAS shifted this ―difficult-to-crystallize‖ pseudo-wollastonite glass composition to
a ―crystallizable‖ Al-rich glass composition that falls in the anorthite field. Thus the dissolution
of α-Al2O3 by CMAS resulted in crystallization of CMAS to anorthite platelets (CaAl2Si2O8).
Concurrently, a localized enrichment of Mg content promoted the formation of MgAl2O4 spinel.
Formation of these compounds with high melting temperature would be beneficial in further
protection from both thermodynamic stability and kinetics aspects.
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Figure 5.: Equilibrium CaO-SiO2-Al2O3 ternary isotherm at 1200°C [50].

Kinetics of Electrophoretic Deposition of Alumina
As a part of this investigation, a phenomenological expression that models the kinetics of
electrophoretic deposition and the effect of the influencing parameters was derived. Figure 5.5
presents the thickness of the EPD overlay as a function of time. This EPD overlay deposition
kinetics can be understood by the following discussion.
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Figure 5.: Plot of alumina overlay thickness as a function of deposition duration during EPD.

The first model for EPD kinetics was proposed by Hamaker in 1940 [140] and is
expressed by Eq. 5.25. This model can be applied for electrophoretic cells with planar geometry
and relates the deposited mass per unit area, m (g), with slurry properties such as suspension
solid concentration, Cs (g/cc), and electrophoretic mobility, μ (cm2s−1V−1). The physical and
electrical conditions imposed on the system such as electric field per unit distance, E (V cm−1),
deposition area, A (cm2), and deposition time, t (s) are also taken into account as:
t2

m(t )   C s  EAdt
t1

Eq. 5.25

A simple linear relation expressed by Eq. 5.26 between deposit thickness and time can be
derived for cases, when all the influencing parameters (Cs, μ, E, A) are kept constant:
m (t) = Cs μ E A t

Eq. 5.26
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In this investigation and in general, the solid concentration is typically not kept constant
throughout the EPD process. With a selected starting solid concentration of EPD suspension, the
process typically proceeds with a continuously decreasing solid concentration due to deposition.
Thus, the expression relating the deposited mass and time with decreasing concentration can be
written as:

m(t )  m0 (1  e kt )

Eq. 5.26

where m0 is the total solid content in the colloidal suspension that can be deposited after an
infinite EPD duration, assuming a 100% deposition efficiency, and k is the rate constant. Eq.
5.26 can also be rewritten in order to express the variation of overlay thickness (δ) variation as a
function of time as:

 (t )   max (1  e kt )

Eq. 5.27

where the maximum thickness that could be theoretically achieved (δmax) and the rate constant
(k) can be expressed as:

 max 

m0
A (1  P)

Eq. 5.28

k= fμE

Eq. 5.29

where,  is the theoretical density of the deposit material (alumina), P is the porosity of the
deposit film, f is the efficiency factor considering the fact that not all the particles drifted to the
work piece (cathode) take part in deposition, μ is the electrophoretic mobility, E is the potential
difference per unit distance between the electrodes (inert anode and the work piece cathode).
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Equation 5.27, however, can only be used for a process employing a constant current. In
this study, a constant-voltage route was taken, in which case, the potential difference between the
electrodes during the process of cathodic deposition is dependent on the surface resistance of the
electrodes. Based on ohm‘s law, as an electrically insulating ceramic film thickens, the voltage
difference between the electrodes decreases linearly with the growth of ceramic film due to a
decrease in current density. With an appreciably thick ceramic film on cathode, the potential
difference reaches a very low value (~ 0 V/cm) and further deposition becomes impossible.
Thus, to express the behavior that could attribute to the voltage-dependent thickness variation as
observed in this study, Eq. 5.27 can be rewritten as:
 k  

  1 t

k (t ) 
 (t )   max 1  e  2  





Eq. 5.30

where, k1 is the modified rate constant independent of film growth δ(t) and k2(t) is the constant
directly proportional to δ(t). Eq. 5.30 can be solved to derive a phenomenological expression that
describes the relationship between film thickness δ(t) and deposition duration (t), where δ(t) is in
μm and t is in minutes.


 (t ) 
1 

  max 

k 2 (t )

 e  k1t

Eq. 5.31

Using Eq. 5.31, the experimental data on overlay deposition kinetics (δ(t) vs. t) from this
study, were fitted in order to obtain an expression with estimated modified rate constant, k1. The
modified rate constant is dependent on various characteristics of the EPD system such as
electrophoretic mobility of the charges particles (μ), applied voltage (E), deposition efficiency
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factor (f), area of the deposition surface (A) and the electrical resistivity of the deposit material.
Plot shown in Fig. 5.6 presents the best fitted curve and the experimental data (markers) of this
study with the rate constant estimated to be 3.7961 min-1. A phenomenological description
relating the time-dependent deposit thickness, δ(t) in μm and the deposition duration, t in minutes
can be expressed as:


 (t ) 
1 

  max 

k 2 (t )

 e  3.8t

Eq. 5.32

Figure 5.: Plot used to derive the phenomenological expression that explains the film growth
kinetics.
In order to explain the EPD kinetics, a schematic growth plot, δ(t) vs. time is presented in
Fig. 5.7.
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Figure 5.: A schematic plot showing the overlay thickness variation as a function of deposition
duration during EPD with various controlling parameters (voltage, suspension concentration).

A linear growth during EPD as illustrated by curve A in Fig. 5.7 is typically expected for
constant-current and constant-suspension concentration. For such a process, the voltage
difference can be kept constant due to the constant current density flow. Moreover, the constantsuspension concentration (Cs) can be maintained by gradually increasing the solid content to the
colloidal EPD bath during the process. Such a process will typically follow Eq. 5.26. Curve B in
Fig. 5.7 illustrates a typical behavior described by Eq. 5.27, where an increase in thickness only
depends on the varying suspension concentration. For a EPD process with constant-voltage and
constant-suspension concentration as shown by curve C in Fig. 5.7, a gradual decrease in the
voltage difference between the electrodes would result in a parabolic growth that can be
explained based on Ohm‘s and Faraday‘s law. For EPD process with constant-voltage and
decreasing-suspension concentration, an initial linear increase followed by saturation is typically
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observed as described by curve D in Fig. 5.7. This is attributed to the changes in both suspension
concentration and the voltage difference between the electrodes. It is clear that the EPD process
can be tailored to obtain the desired deposition rate. However, a rapid deposition could result in
poor particle packing homogeneity.

5.5.5. MgO Overlay for APS YSZ TBCs by EPD
Similar to the CMAS-mitigation mechanism observed by employing a dense alumina
overlay against CMAS melt attack, a dense MgO overlay produced by EPD demonstrated a
promising protection against corrosive V2O5 melt ingression. The 25 μm thick MgO overlay was
found to be effective in suppressing V2O5 melt ingression. Reactions to form magnesium
vanadates (Mg3V2O8 and Mg2V2O7) that have higher melting temperature than the V2O5 melt
would be beneficial to mitigate the V2O5 and similar acidic oxide attack on TBCs by increasing
the melting temperature and viscosity of such molten deposits. The MgO overlay can also be
envisioned for hot corrosion resistance against molten sulfate attack on TBCs. Formation of
MgSO4 could be the attributing mechanism, which traps the corrosive sulfate deposits (Na2SO4,
K2SO4 and CaSO4). MgSO4 has a higher melting temperature (Tm = 1124°C) than any of the
corrosive sulfate deposits that could degrade the gas turbine materials by the classic hot
corrosion mechanisms.
5.5.6. Al2O3-MgO composite Overlay by Electrophoretic Codepositon for APS YSZ TBCs
In order to achieve an universal overlay that can protect TBCs from all types of meltinduced corrosion attack, a composite composed of alumina and magnesia was also investigated
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as part of this study. Electrophoretic codeposition was found to readily yield such a composite
overlay by employing a starting colloidal suspension having alumina and magnesia powders of
similar particle size at a specific starting concentration (50-50 wt.%). The Al2O3-MgO overlay
produced by codeposition, followed by a sintering step was found to provide an overall
protection against both molten CMAS and V2O5 hot corrosion attack. Besides the presence of
Al2O3, MgO in the composite overlay was also found to facilitate the crystallization of CMAS
melt through formation of diopside [Ca(Mg,Al)(Si,Al)2O6]. Mechanism of CMAS crystallization
through formation of anorthite [CaAl2Si2O8], similar to the mitigation mechanism observed with
pure alumina overlay was also observed. The CMAS melt ingression was found to be effectively
arrested within the composite overlay. V2O5 attack was also significantly suppressed by the
Al2O3-MgO composite overlay. Alumina is not effective in trapping V-rich corrosive deposits
such as V2O5 due to the fact that the common reaction product aluminum vanadate, AlVO4 melts
at 695°C. Thus the composite overlay is not as effective as the pure MgO overlay. However, a
presence of MgO in the composite overlay that had a dense microstructure was found to arrest
V2O5 melt ingression through formation of Mg2V2O7 and Mg3V2O8. Formation of MgAl2O4
spinel during high-temperature sintering of the Al2O3-MgO composite overlay for densification
was found to be inert in terms of trapping the corrosive deposits through thermochemical
interactions.
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5.6. Promising Durability of EPD Overlay-Modified Commercial TBCs
With due consideration for real-engine applications, alumina overlay processed with
optimized EPD parameters was deposited on a commercial-production TBCs that consisted of
APS 8YSZ topcoat, LPPS CoNiCrAlY bond coat on a IN738LC superalloy substrate. Furnace
cyclic tests at 1100°C with a 1-hour dwell time for each cycle demonstrated the promising
durability of a crack-free uniform 75 μm-thick alumina overlay. The promising structural
integrity of the YSZ based commercial APS TBCs modified with alumina overlay, which was
examined by cross-sectional microstructural analysis after TBC failure with a coating lifetime of
196 cycles. The YSZ/Al2O3 overlay interface remained intact. The interfacial adhesion could be
attributed to the initial YSZ surface roughness (as-sprayed) as well as the ability to fabricate a
durable ceramic overlay with uniform pore distribution by EPD. The acceptable thermal
expansion mismatch between the YSZ and alumina; CTE of YSZ is 10.5x10-6 /°C and that of
alumina is 7x10-6 /°C, yields the durable overlay. However, TBCs modified with alumina
overlay showed evidence of crack population due to the generation of significant in-plane tensile
stress within the 75 μm-thick alumina alumina overlay. In real-engine application, where a lower
concentration of corrosive deposits is expected, a thinner overlay (20 μm - 30 μm thick) can be
effective in protection with reliable durability.
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CHAPTER 6: CONCLUSION
Free-standing APS 8YSZ and APS CoNiCrAlY (i.e., as-sprayed and preoxidized) specimens
with thickness of 300 μm have been subjected to isothermal furnace testing in the presence of
various corrosive impurities that could typically deposit on turbine airfoils during service in an
aggressive combustion environment. Deposits such as V2O5, P2O5, Na2SO4, CaSO4, NaVO3 and
a Na2SO4+V2O5 mixture (50-50 mol.%) that can be formed as a combustion by-product during
the use of high-impurity alternative fuels have been thoroughly examined in this study. In
addition, air-borne sand ingestion has been a critical threat in recent years, where sand with a
specific composition of CaO, MgO, Al2O3 and SiO2 (commonly referred to as CMAS sand) can
adhere and deposit on the hot-section turbine components. Degradation of TBCs and ORCs by
CMAS sand, in the molten state, was also thoroughly investigated. After identifying the
individual degradation mechanisms of APS TBCs and ORCs by these corrosive deposits,
attempts to mitigate the corrosive-melt induced attack on high temperature protective coatings
have also been explored. Employing a dense overlay coating for the APS YSZ, which can act as
a semi-impermeable and a sacrificial layer in order to protect the porous TBCs was demonstrated
to be a promising mitigation approach in this study. EPD followed by a controlled sintering step
was found to yield a ceramic overlay of desired thickness, chemistry and porosity. The noble
microstructural characteristics of these ceramic overlays processed by EPD, are uniform
thickness, homogeneity, uniformly distributed closed-pore distribution, and excellent
YSZ/overlay adhesion. These features enable the use of crack-free dense overlays as primereliant environmental barrier overlay systems for TBCs.
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Various individual degradation mechanisms of the APS YSZ due to attack by corrosive molten
deposits are summarized as follows:
 Two different reaction mechanisms were observed from the YSZ–V2O5 interaction depending
on the temperature. Formation of ZrV2O7 was observed to be the predominant reaction below
747°C. Above 747°C, V2O5 melt degrades the YSZ by reacting with the yttria stabilizer to
form YVO4. This leads to a disruptive zirconia phase transformation to monoclinic phase.
These two different reaction mechanisms were explained by the incongruent melting behavior
of ZrV2O7 at 747°C.
 Studies on molten Na2SO4 showed that the molten sodium sulfate is chemically inert for YSZ
with evidence of minor thermochemical drgradation, although its infiltration into the
interlamellar gaps and pores of the YSZ and crystallization while cooling would result in
thermo-mechanical damage.
 At elevated temperatures, Na2O in molten state, dissociated from Na2SO4, tends to form
vanadates of sodium such as sodium metavanadate, NaVO3, in the presence of V2O5.
Degradation behavior of the YSZ by the sodium vanadates from Na2SO4+V2O5 mixture was
studied at 700°C. The YVO4 formed without any evidence of ZrV2O7 formation, similar to that
for the YSZ-V2O5 interaction above 747°C. Presence of Na2SO4 enhances the high temperature
degradation of the YSZ by V2O5.
 Degradation studies of the YSZ by P2O5 revealed that the only observed reaction between ZrO2
and P2O5 was the formation of ZrP2O7, which enriched the yttria content in the YSZ leading to
the phase transformation to fluorite-cubic phase.
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 Molten CMAS attack degraded APS YSZ through a general dissolution of YSZ rather than a
preferential depletion of Y2O3 or ZrO2 in the YSZ. CMAS was found to melt and readily
infiltrate the free-standing APS YSZ coatings within a short time. All YSZ samples were
observed to be completely infiltrated by molten CMAS starting at 1250°C for all time
durations investigated in this study (2 to 4 h). Infiltrated microstructures and phase
transformations were found to be independent of exposure temperature, once the CMAS melt
penetrates into the porous YSZ coating through the cracks and interlamellar gaps. A significant
amount of Y2O3 depleted monoclinic ZrO2 phase evolved from CMAS melt after dissolution of
the ť-ZrO2 was observed. The reprecipitated ZrO2 grains have a spherical morphology in
general. TEM results were consistent with XRD analysis. Both monoclinic and metastable
tetragonal ZrO2 phases were identified. Presence of yttria-rich cubic ZrO2 phase was also
present. CMAS melt readily dissolved the YSZ, then reprecipitated ZrO2 with a composition
based on local melt chemistry that deviates in Y2O3 stabilizer content from the original YSZ
coating.

Individual degradation mechanisms of CoNiCrAlY due to corrosive molten deposits are
summarized as follows:
 Different degradation mechanisms were observed from the V2O5 melt interaction with
CoNiCrAlY at 700°C and 900°C. At 700°C, formation of chromium-aluminum orthovanadate,
(Cr,Al)VO4 was found. However, the infiltration rate was found to be greater than the
dissolution rate resulting in a significant accumulation of V2O5 melt at the bottom surface of
free-standing CoNiCrAlY. At 900°C, an extensive dissolution of CoNiCrAlY by V2O5 melt
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produced reaction products of nickel-cobalt orthovanadate, (Ni,Co)3(VO4)2. In addition,
degradation at 900°C resulted in an extensive formation of spinel oxide, (Ni,Co)(Al,Cr)2O4.
 Examination of P2O5 melt interaction with CoNiCrAlY at 350°C for 2 h revealed the formation
of two different polyphosphates, namely (Ni,Co)(PO3)2 and (Cr,Al)(PO3)3 via a significant
consumption of CoNiCrAlY.
 As-sprayed CoNiCrAlY was found to be susceptible to classic Type I hot corrosion attack
during exposure to Na2SO4 melt at 1000°C. A significant formation of chromium sulfide
(Cr2S3) and accelerated internal oxidation at the intersplat boundaries of the APS CoNiCrAlY
was observed. Preoxidized CoNiCrAlY showed a better resistance against molten Na2SO4
attack, however, formation of porous (Cr,Al)2O3 and (Ni,Co)(Al,Cr)2O4, in addition to the αAl2O3 as the TGO scale constituent could not be avoided.
 Molten CaSO4 was found to consume the CoNiCrAlY constituents through basic fluxing
mechanism leading to the formation of CaCrO4 and CaAl2O4. Thus protective oxide formation
was hindered in the presence of CaSO4 deposit.
 NaVO3 attacked the APS CoNiCrAlY, only in its as-sprayed condition, unlike the more acidic
V2O5 deposit. The CoNiCrAlY after a preoxidation treatment was found to be more resistant
against NaVO3 attack with a minor modification in the oxide scale formation.
 Extensive dissolution of the TGO, α-Al2O3, of the CoNiCrAlY coatings by CMAS melt and
significant spinel oxide formation were identified as the degradation mechanisms of the APS
CoNiCrAlY coatings..
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After a detailed investigation on the degradation of the YSZ and CoNiCrAlY by various
corrosive deposits, it was obvious that the melt ingression into these coating systems should be
inhibited in order to mitigate the melt induced-deposit attack. Experimental results from this
study demonstrated that a dense, crack-free, sacrificial oxide overlay can effectively perform as
an environmental barrier overlay for the APS TBCs. A protective overlay of uniform thickness
and uniformly distributed closed pores can be readily achieved by electrophoretic deposition
(EPD). Experimental results from this study demonstrated that EPD α-Al2O3 environmental
barrier overlay can be a durable overlay that can effectively protect TBCs from CMAS attack.
Dense crack-free alumina overlay coatings for TBCs were successfully fabricated by EPD
followed by sintering at a relatively low temperature of 1200°C for 10 h. Attributed mechanisms
of protection include the suppression of CMAS melt infiltration due to the nobel microstructural
characteristics and thermochemical interaction of α-Al2O3 overlay with CMAS melt that enriches
the Al content in the CMAS melt. A shift in the CMAS glass composition to a crystallizable Alrich glass composition promoted the formation of anorthite (CaAl2Si2O8) platelets and MgAl2O4
spinel. The EPD kinetics was also analyzed using a time-dependent thickness variation profile
and a phenomenological expression that describes the deposition kinetics.
The EPD MgO overlay was found to provide effective protection against V2O5 corrosive
melt through thermochemical interactions that yield magnesium vanadates such as Mg2V2O7 and
Mg3V2O8, which have higher melting temperature. Even though the dense YSZ overlay with
desired microstructure was envisioned as a promising overlay due to its excellent TBC/overlay
interfacial adhesion strength, the YSZ without any beneficial thermochemical interaction failed
to effectively protect the underlying TBC system against melt-induced degradation. As an
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attempt to fabricate an overlay that can effectively protect TBCs from corrosive deposits due to
low-quality alternative fuel usage and air-ingestion of CMAS sand, codeposition of alumina and
magnesia through EPD was performed, which yielded a Al2O3-MgO composite overlay. This
composite overlay was found to be promising in protecting the APS YSZ based TBCs from
various melt-induced attacks through various thermochemical interactions.
Thermal cyclic testing of TBCs on bond-coated superalloy substrate, modified with EPD
alumina overlay of 75 μm in thickness, further demonstrated the promising application of EPD
alumina overlay. A dense EPD overlay composed of appropriate chemistry would be beneficial
to effectively mitigate molten deposit attack on TBCs by reducing the viscosity of the melt and
forming crystalline reaction products with high melting point via thermochemical interactions.
EPD is a versatile cost-effective technique that can be tailored to further develop a highlydurable overlay of desired chemistry and microstructure for protection of TBCs and gas turbine
components from any high temperature corrosion attack, typically dictated by the aggressiveness
of the alternative-fuel combustion environment.
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APPENDIX A:
FUTURE DIRECTIONS
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From this doctoral study, it is obvious that achieving a clear understanding of
thermochemical degradation of high temperature protective coatings due to molten deposit attack
is mandatory for expansive applications of TBCs and ORCs. This dissertation demonstrated that
these prime-reliant porous ceramic coating systems can be effectively protected against corrosive
melt-induced attack by employing thermochemical interaction-type trapping mechanisms in
order to capture various corrosive compounds. The study also demonstrated the promising ability
of the EPD technique to process sacrificial-type overlay ceramic coatings with desired
microstructural characteristics. Based on the findings from this study, the following research
directions could lead to various technological developments to improve the advanced turbine
materials system.

1. A durability study with a thermal gradient across the individual layers of the discussed
multilayer TBC system in order to assess the potential of sacrificial/impermeable overlay
for use in real-engine operating conditions.

2. Thorough investigation on degradation of alternate TBC topcoat materials, e.g., a single
zirconate (Gd2Zr2O7, La2Zr2O7, Nd2Zr2O7) layer, double ceramic layer (DCL) by various
corrosive molten deposits.

3. Assessment of a Gd2O3-based environmental barrier overlay processed by EPD as a
protective overlay for APS TBCs against CMAS attack as well as vanadate-sulfate-type
hot corrosion attack. Very few oxide materials that are reliable as an overlay material for
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YSZ can also trap a wide variety of corrosive deposits through thermochemical
interactions. Gd2O3 seems to be a promising material for such applications.

4. Refinement of the EPD overlay processing technique in order to achieve overlay of
desired characteristics through modifying the EPD and densification process parameters
(e.g., starting particle size, favorable sintering conditions).

5. Assessment of EPD as a topcoat processing technique for TBC applications, especially
for achieving alternate ceramic topcoat with tailored microstructure, where a rapid
quench microstructure is not mandatory.
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